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INTRODUCTION 
The displacement of the eye of the astronomer by 
the photographic plate from the telescope and spectro- 
meter and its transfer to the measuring machine was so 
rapid that, about twenty years ago practical astronomy 
seemed likely to become a branch of applied photogra- 
ph.y., More recently the introduction of the photoelec- 
tric cell and impc.:ovements in the thermopile and selen- 
ium cell have extended this process of displacement, 
not from the telescope only, but also from the micro- 
scope of the measuring machine.. The sensational shift 
of the lines in the companion of Sirius, for instance, 
was measured by a thermo- electric device.i One of the 
first. to advocate the newer methods of measuring a 
photographic plate was the late E.' O.' Pickering`; his 
appeal for an automatic means of measuring was answered 
shortly after by the introduction first of the Koch 
and later of other instruments.' Fortunately or unfor- 
tunately, the manufacture of the photographic plate 
has become so specialised that, advances in technique 
must be left in commercial hands, it remains for the 
astronomer to see that the fullest use is made of its 
capabilities, and while the element of personal judg- 
ment in the measurement of the negative remains this 
duty cannot be said to have been performed. 
It is a natural tendency for the user of an elec- 
trical mesuring device to study the properties of the 
* Harvard Circular, 155, 1910. 
photographic plate rather than to devote much attention 
to the improvement of the measuring device, for: the rea- 
son that the accuracy is limited by the defects of the 
plate and the methods of development, the errors of 
measurement being negligible. The automatic instrument, 
moreover, throws into prominence the weaker parts of 
the images which passed unnoticed by the eye. It is 
a peculiar: feature of the eye, and one that leads to 
considerable error in some instances, that it is incap- 
able of perceiving gradual changes in illumination. An 
abrupt change of illumination of one per cent can be seen, 
a gradual change of one hundred per cent may pass unnot- 
iced; hence as a criterion of uniformity of illumination 
the eye is not merely useless, it is misleading. The 
use of low densities is an obvious advantage in astro- 
nomy, for they require less exposure than dense images, 
and an extension to fainter stars becomes possible. 
The idea of measuring the positions and magnitudes of 
star: images which are invisible on the negative may 
appear strange, it is nevertheless true that. a star 
image of mean density less than 0.03 will not be picked 
up by eye, whereas a suitable photometer will locate 
and measure images down to a mean density of 0.01. 
The behaviour: of the photographic plate in this very 
low density region is of interest, not only for its 
astronomical applications, but also because of the 
simplicity of the results and the light they throw on 
the photographic action. 
The thesis consists of three parts. The first, 
which comprises chapters I to V, treats of the errors 
to be expected in automatic measures of stellar images 
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arising from the properties of the photographic plate 
and from its treatment. The second, comprising chapters 
VI to VIII, is an account, of an attempt to measure the 
photo -visual magnitudes of the brighter stars of the 
North Polar Sequence as an example or the use of the 
photometer for image measur :ement, together with the 
considerations which led to b ;he adoption of tqhe method: 
used. The third comprises four appendices, containing 
that part of the work which is not of exclusively astro- 
nomical inter:ast. The first of these is to be regarded 
as part of the main thesis - constitutes, in fact, 
the basis of the whole work. 
This thesis couli( not have been prepared without 
Professor Sampson's consent; but, the writer: is indebted 
to him for: much more than this woull imply, and where 
the apparatus used is of an improvised or: inadequate 
type this is in no way due to his lack of sympathy with 
the work - on the.contrary, the writer has to thank him 
for the consideration he has given to requests, whether 
for apparatus or: for advice on points of difficult;.. 
The writer has also to thank Sir James Walker for 
facilities for: preparing photo eleot,ric cells in the 
Chemical Department, of the Uni ver :city of Edinburgh.. 
I 
THE PHOTOGRAPHIC PLATE 
The gelatine dry plate consists of a layer of gela- 
tine about 30/A thick coated on a glass plate and containing 
minute crystals of silver bromide and iodide, together 
with an active constituent containing sulphur, the exact 
nature of which is still under discussion. In fast 
emulsions the diameters of the grains range from ultra- 
microscopic dimensions up to about 4-1; in process emul- 
sions the diameters. of the largest grains do not rise 
above it.: The control exercised by the manufacturers 
over the speed, colour sensitiveness and certain other 
properties of the emulsion, at any rate as regards fast 
colour sensitive plates., is far from complete, so that 
it is dangerous to come to general conclusions from the 
study of a few emulsions.. They take considerable pains, 
however, to ensure that the plates belonging to a single 
batch are as homogeneous as possible;. and this homogen- 
eity constitutes for photographic photometry one of the 
most, valuable features of the plate. In view of the 
complexities of the actions taking place in photography 
it has sometimes been urged that in photometry the plate 
should be used solely as a test. of the equality of two 
beams of light. *. Ultimately all methods of photographic 
photometry reduce to this;. but by taking advantage of the 
uniformity of a batch of plates it. is frequently possible 
to use mora efficient methods of working than strict 
* J. Ba %Maud, Bull. Astron. iv, 1g23, 0.286; F, C. Toy, 
Nature, cxv i i, 14;026, 0.83. 
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equalising permits. 
Previous to its development the emulsion is slight- 
ly translucent,, it also reflects diffusely a considerable 
proportion of the incident light.: Both reflected and 
transmitted light are weak in violet and ultra- violet 
compared with the light source, giving the emulsion a 
yellowish -green colour;. the same remarks. apply to the 
light scattered from directly illuminated areas into 
neighbouring parts of the emulsion. Isochromatic and 
panchromatic emulsions contain dyes which render the 
plate mora opaque to the yellow and orange respectively. 
Undyed or blue -sensitive plates are practically insensi- 
tive to light of wavelength longer than 5,000 a, iso- 
chromatic plates are sensitive up to 'nearly 6,000 a, 
while panchromatic plates lose the greater part of their 
sensitiveness at 6,600 Á and in stellar work may be 
regarded as quite insensitive beyond 7,000 Á.: If the 
energy falling on unit area is taken as measuring the 
illumination it appears that the plate is most. sensitive 
in the violet and that relatively the sensitiveness. of 
the best panchromatic plates in the orange is. small* 
The plate may be developed along two distinct. lines.' 
In the ordinary or "chemical" development the aim is to 
reduce oompletel.y the whole of the silver in a grain 
which has been affected by light, and to leave the re- 
maining grains. unaffected, for: subsequent removal in 
the fixing bath. Unfortunately the present methods of 
development. do not secure this result., the imperfections 
of development. are discussed further below, for they are 
responsible for some of the most serious errors of photo- 
* Jour. Opt. Soc. Amer., 12, 1926, p. 401 
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graphic photometry.i The alternativa process of develop- 
ment, termed for distinction "physical ", aims at deposit- 
ing silver from the developer on to the affected "centres" 
of a grain and at removing the unaffected parts, which 
comprise all but a vary small fraction of its molecules. 
The grain of the resulting image depends therefore not on 
the size of the grains present in the original emulsion 
but on the duration of development, (which may be hours) 
and the composition of the developer. A perfected process 
of this kind would be ideal: at present, however, it appears 
to be less under control than chemical development, which 
is universally employed in astronomical photometry. 
In "chemical" development the main difficulty lies 
in removing the products of development from the emul- 
sion. These products (bromides) have the effect. of slow- 
ing down the action of the developer, and since they 
accumulate most rapidly in the neighbourhood of densa 
images these are either under -developed (affected grains 
not entirely reduced): or else mora weakly exposed parts 
of the plats are over -developed (unaffected grains 
attacked). This cause of error is known as the Eberhard 
effect; and will be referred to frequently by this name 
in the course of this thesis. Over- development is espec- 
ially undesirable in photographic photometry, since the 
images have to be measured in relation to the clear parts 
of the plate, and by over development these parts become 
unevenly fogged. 
Several methods have been proposed for removing the 
harmful bromides or for avoiding their affects. The 
* G. Eberhard, Phys. Zeits. ig, 1912, p.288. 
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usual process of rocking the dish in which the plate is 
developing has the effect of distributing them to some 
extent, so that though uniformity of development is not 
attained, any small area not more than a few millimetres 
square having no very intensa images may be taken as 
uniform.: The effects of uneven development are then 
avoided in stellar work if an image is compared only 
with those in its immediate neighbourhood and symmetrically 
distributed around it. This method, which is used wher- 
ever possible by the writer in preference to others, may 
sometimes be secured directly;, in other cases artificial 
comparison images may be scattered over the plate, best 
by repeated exposures to a constant source, for equal 
images are difficult to realise. In other methods of 
development attempts are made to give the developer a 
rapid swirling motion.. The use of a roller or brush in 
actual contact with the emulsion"appears to involve too 
much risk in stellar work, and the most promising method 
seems. to be that in which a bar -is made to slide during 
the development across the surface of the plate, just 
clear of the emulsion.' 
Other. sources of error due to the plates arisa from 
variations in film thickness, from uneven - drying after 
coating, from fog induced by conditions of storage, and 
from uneven drying after fixing and washing. If the 
images ara dense they will be directly affected by varia- 
tions in film thickness (see Appendix 1, Part VI), weak 
images ara not directly affected, but will be influenced 
*H. T. Stetson & E. F. Carpent er, Astroph7s. J. 58, 2q'2.9, p. 
O. Bloch, Phot. Jour. 61, 2922, p.425. 
*Dobson, Griffith & Harrison, 'Photographic Photometry, 
Oxford, Clarendon Press, íq26, 0.77. 
by the effects of the variations on the rates of dev- 
elopment and drying. Uneven drying after coating may 
give rise to differences between plates out from the 
centres and edges of the large sheets coated in the 
factory. Storage conditions might be considerably 
improved by avoiding the use of paper. separators be- 
tween the plates - these invariably affect the emulsion, 
probably by evolving vapours which resemble light in 
giving rise to a latent image.' Some firms leave the 
emulsion intact when the plates are cut, and fold them 
into book form, the slight separation due to the bent 
gelatine being sufficient to prevent contact marks, 
while the circulation of vapours is in some degree 
hindered. The danger of contamination from such vapours 
is an argument against "conditioning" plates by keeping 
them under special conditions of humidity, since to be 
effective such measures must allow of -the circulation 
of air. There is at present no way of drying plates 
uniformly - the most approved method appears to be to 
dry them face up in still air and to leave an ample 
margin, in fact, all the errors mentioned in this para- 
graph are diminished by using only the central region 
of a plate. - 
The final limit to the accuracy in the measurement 
of stellar images is set. by what is called the "graini- 
ness" of the plate, the actual grains being too small 
to give rise to irregularities in normal cases. The 
subject is well treated (by A. S. Hardy). in a recent 
monograph* which is frequently referred to in later 
chapters. As he states (p.- 27) the graininess of the 
* F.E.Ross, f'The Physics of the Photographic Developed 
image/7 Eastman Kodak Co. Rochester, N.Y., 1424 
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so- called clear portions of a stellar negative which are 
exposed only to scattered light and sky light show graini- 
ness to a much more disturbing extent than the images 
themselves, they show also an increase in graininess 
with concentration of developer and time of development. 
Some negatives submitted for recording *b.y the Koch 
photometer of the Royal Observatory, Edinburgh, (described 
in appendix 4) showed this latter increase strongly. In 
the normal way the graininess of the clear regions of a 
process plate requires a slit of the order 0..5 mm.:x 0.005 mm. 
to render its effect apparent.. The plates in question 
had been developed for about ten minutes in Rodinal 1:10 
solution in order to obtain as much contrast as possible, 
and though recording was done with a slit about 8mm.X 
0.03mm.the graininess is very marked, even with a process 
plate. 
The results given in fig. 1 refer to conditions 
more closely resembling those found in stellar photometry.' 
They correspond to the results of using a photometer spot 
(p. 11) with an area of about 0.04 sq. mm., rather less, 
that is, than has as yet been employed in the measurement 
of stellar images. The results are given on a uniform 
scale of percentage of the corresponding deflection - if 
allowance is made for the fact. that the images b transmit 
less than one -third of the light of the clear parts a it 
will appear that the graininess shown by a continuous 
record does not vary greatly, measured in millimeters, 
over most of the useful scale.: If, however, the oscilla- 
* Two of the records are reproduced in a diaper by Dr. 
H. R. Robinson on 171 -ray Terms and Intensities ". 







Fig. s. Photometer records showing effect of plate 
grain. a, Clear plate; b, Image of density o.g. 
tions are converted into magnitude measures the effect 
is to multiply enormously those over the clear parts a 
relative to those over the image b. In these records, 
moreover, the emulsion is really "unexposed ", sky fog 
and, it may be noted, invisible stellar images, are 
absent, otherwise the "graininess" would have been much 
enhanced. 
Just as in the case of resolving power discussed by 
E. E. Ross in the monograph referred to on p. 8 , so in 
the case of graininess, the effect is so connected with 
the plate speed as to give, for a given flux of light, 
about the same accuracy of measurement whatever the speed 
of the plate, though this assumes that the image size may 
be reduced indefinitely and that the resolving power of 
the instrument is unlimited. Actually, however, it is 
rare to get the whole of a stellar image within an area 
less than 100p in diameter, while few automatic photo- 
meters can deal effectively with areas so small.: 
It appears, then that the best conditions for avoiding 
the effects of graininess are to spread the image over as 
large an area as is consistent with reasonable density, 
and to make the area included within the beam of light by 
* By the whole of a stellar, image is here meant that part 
of it which affetts an automatic photometer, the part 
visible to the eye may have a diameter of no more than 
aor 
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which the measurement is performed (called hereafter 
the photometer spot) very little larger than the image, 
so as to keep the area of "clear plate" included as 
small as possible,_ while the readings on the clear plate 
by comparison with which the images are measured should 
be multiplied until the error introduced through them 
is made small, 
I I . 
THE MEASUREMENT OF THE IMAGE 
In principle the measurement of a stellar image on 
a photographic plate is extremely simple. A beam of 
light is sent through the plate, the area illuminated 
being named conveniently the photometer spot, and the 
light absorbed from it by the image is measured. In 
the manner in which the light is measured the various 
photometers differ considerably; falling however into 
only two classes, namely, equalising or null photometers 
and deflection or automatic photometers. The photometers 
of the former class have been in use for many years. 
In them the beam of light which has passed through the 
deposit is made equal, usually by moving an absorbing 
wedge placed in one or: other beam, to another beam of 
light which reaches the comparison device directly from 
the lamp. The beams may be compared by eye, thermopile, 
selenium cell or photo -electric cell, successful instru- 
ments of- these types being at present on the market, 
though not as a rule in a form suitable for stellar 
image. work.* In the older instruments of this type, the 
Hartmann being a typical example, the eye was of course 
* For a description of the original Hartmann (eye) instr- 
uwent see Zeits. fir Inst. 19,1899, p. 97 , Messrs Kipp 
& Sons (iondon agents, A.Hilger) make a null thermo- 
electric photometer. A selenium cell photometer has been 
designed by the British Photographic Research Assn. and 
is sold by W. Watson, London. The Cambridge Sci. Inst. Co. 
have recently placed on the market a photo- electric 
photometer designed by Dr. G.M.B.Dobson. 
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employed, and the replacement of the eye by an electrical 
device has merely improved the accuracy and eliminated 
eye- strain.: In so far as they have made possible 
accurate work at lower densities electrically worked 
null photometers raise the same questions as those of 
the deflection type, though in a less degree.. Of 
deflection photometers. there are but. two succe :E:fv1 
types, namely, the Koch photo -electric photometer* 
and the Yloll thermo -electric insbrument.: ?he latter 
is essentially the same instrument. as was used by 
H. T.: Stetson# for stellar photometry - its use in 
sensitometry dates back to the early days of the dry 
plate - but the improvements in the thermopile and 
galvanometer are largely due to Dr. Moll::* In this. 
instrument the beam of light. which has passed through 
the photographic plate is focussed on to athermopile 
connected to a short period galvanometer with lamp and 
scale, the readings of which give the measure of the 
light passed.. Unlike instruments of- the equalising 
type, this form of pho.tomater cannot be made free from 
the effects of variations. in the source of light, and 
its accuracy depends almost. entirely on the constancy 
of the source.: The thalofide cell, which is sensitive 
*P.P.Koch, Ann. der Physik, 39, 2g12, p. 705. Goos, 
Zeits. fffr Inst., /922, p. 3=3 
*See lists of Messrs Kipp e Sons, Delft. 
#FI.T.Stetson, Astr.ophys. Jour. 43, 2g16, Op. 253, 325: 
and Popular Astronomy, 31, 1923, 0. 2.55. 
** Phys. Soc. Lond. Proc., 35, 1923, 1. 253. 
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to the infra -red has been used in place of a thermopile, 
a photo -electric cell might also be used;. but since 
variations in the effective temperature of the light 
source affect the short wavelengths to a much greater 
extant than the long, it follows that in respect to 
freedom from effects of this kind the thalof'ide cell, 
which has its main region of sensitiveness at wavelengths 
of the order of 1O«, is preferable to the thermopile, 
which again is preferable to the photo -electric cell. 
In order to avoid the effects of fluctuations in 
the light source the Koch photometer is constructed on 
a different principle.: Two photo -electric cells are 
connected to a high potential battery and to a thread 
electrometer as shown in figure 2,:(Koch's original 
diagram shows a third cell; but. this, as he states in 
his description, is not an essential part. of the arrange- 
Fig.. a. Scheme of Koch Photo- electric 
photometer, 
ment.) It is readily shown that if the current through 
a photo -electric cell is proportional to the illumination 
the deflection of the electrometer in the above scheme 
will depend on..the ratio of the illuminations of the 
two cells, and not on their absolute values. For if 
V is the potential of the cell battery and w that of 
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the thread of the electrometer, the current through 
the one cell will be I.f(v - v), while that through 
the other will be j.F(v), I and .j being the illuminations 
on the cells. Since these Currents are equal when the 
thread has taken up its equilibrium position, it follows 
that v depends on the ratio of I to ,j, and not, on their 
absolute values. 
The beam passing through the photographic plate 
is thrown on to the cell which is connected directly 
to the high potential, the other being illuminated 
directly by the same source of light. Even for cells 
which always give currents accurately proportional to 
the illumination it does not follow that temperature 
fluctuations of the source will be entirely eliminated, 
for unless the deposit on the plate is. perfectly 
neutral in its colour the two illuminations will be 
modified in different. ratios owing to the change in the 
colour: of the source.: On the other hand, if the cells 
do not give currents proportional to the :illumination 
or if the Cells i<iffer in colour sensitiveness, small 
changes in the temperature of the light source may 
still be compensated by inserting a suitable colour: 
filter in one beam.. (It has been shown that a photo- 
electric cell may be expected to have a different 
colour sensitiveness at. a low voltage compared with that 
for high voltages across its terminals:) That some 
photo -electric cells do give currents which are very 
accnr :ately proportional to the illumination is shown in 
chapter VI;. vacuum cells properly designed are even 
better in this respect: 
*H. E. Ives and T. C. Fry, Phys. Rev. 2a, 2922, q. 222. 
#See the description of the cells made by the General 
Electric Co. dated May, 2924. 
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A large instrument, on the same lines as the one 
described by Koch has. been set up to designs by the 
writer* at the Royal Observatory, Edinburgh, (sae 
appendix 4) from components, some of obsolete instru- 
ments,.others, such as gearing, made to order by outside 
firms, and others again made in the Observatory workshop, 
the writer himself making the photo- electric cells.: The 
instrument used at the same Observatory for measuring 
stellar images was also constructed in the Observatory 
workshop to the writer's. design, (the plateholder was 
made by Messrs A.H.: Baird, of Lothian Street, Edinburgh); 
its construction and use in sensitometry are described in 
appendix 1, part I,! but some further details may be given 
as to its use in stellar photometry.: A discussion of the 
three distinct ways in which this instrument. may be used 
for the purpose will assist in making clearer the rela- 
tive advantages and disadvantages of the different, kinds. 
of photometer.: 
In the first. place, the instrument, may be used as 
an equalising or null photometer (using the term "null" 
in a rather broad sense). by inserting a moveable wedge 
of neutral tinted glass at either P or N (appendix 1, 
part I, fig.: 4) and moving this wedge until the thread 
is brought to a fixed position.: The position of the 
wedge would then give a measure of the absorption of 
light taking place at the pinhole H.: In the second 
place, the arrangement described in appendix 3 p.:(347) 
may be used, as. in the photometer described in appendix 4, 
* It should bs ment,ioned that in the preparation and 
execution of these designs they were considerably 
improved as the result of suggestions made by 
Professor Sampson, by Mr. J. McPherson, the 
Observatory instrument, maker, and by Mr. J. Ritchie, 
of Leith Street, Edinburgh. 
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to obtain a uniformly divided transparency scale, which 
is given by thereto- electric deflection photometers.' 
Finally, Koch's original arrangement may be adhered to, 
the result being a deflection instrument with its defleo- 
tion nearly proportional to the square of the transpar- 
ency.: 
The reason for rejecting the null form is not on 
account, of its scale, for there is. no reason why the 
wedge, which gives a uniform scale of density or- 
log(trans.parency) should not be replaced by an arrange- 
ment giving any other kind of scale;. but on account of 
the loss of time in making readings of the clear plate 
near each image.: The method of reading by moving the 
electrometer plates described in appendix 3 was rejected 
for the sama reason, in spite of the long scale which 
could have been obtained by the addition of a spiral 
drum Bo the plate screw.: The advantage of having a 
scale divided according to the square of the transparency 
rather than to the transparency itself is. seen when the 
translation of the results into magnitudes is considered.: 
Taking first, the case of focussed images, discussed in 
Chapter III,: it. is shown there that the diameter of the 
image bears a nearly linear relation to the magnitude.: 
It is convenient, therefore, to work in terms of the 
"effective diameter ", that is to say, the diameter of an 
opaque round spot of equal absorbing power to that of the 
image concerned.: It is then found that in some cases 
the effective diameters of ill- defined images bear a 
linear relation to the magnitude - an example of this is 
given in chapter V, (p.:49).: Figure 3 shows. the scales of 
effective diameters corresponding to (1) a uniform 
9iii i Ì 
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density scale, (2) a uniform transparency scale and (3) 
the scale of the stellar image photometer described in 
appendix 1, part I. In these scales the diameters are 
given in tenths of. the diameter of the photometer spot, 
in the typical instance of focussed images given in 
chapter III.:p.125, the increase in diameter per magnitude 
with a yellow filter is found to be 30,4, so that the 
numbers on the above scales will represent. magnitudes. 
in that case provided that the photometer spot. is 300,4 
in diameter, a very usual case.: It will be seen that . 
the scale of the Koch photometer leads to a much more 
open scale in the case of the smaller stars, the gain 
being equivalent, to nearly two magnitudes..: 
With sharply focussed images it is apparent that 
the accuracy of measurement will be great, when the image 
takes up a considerable part of the area of the photo- 
meter spot,.: To cover a large range of images the size 
of the spot. may be varied,: and here the very great sen- 
sitiveness of the Koch photometer is useful, for it 
allows of the use of photo'meter.w spots as small as 100.4 
if desired.: The smallest. spot used in the writer4s . 
instrument, has a diameter of 180?;. that used in the 
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photometric investigation described in chapter VIII 
was 240 /4 in diameter, which is perhaps. the most useful 
size where the images are not well defined. A spot of 
over 300.ßu in diameter would be suitable only for com- 
paratively large images.: 
The method used by the writer for isolating these 
small areas is very similar to that used in the pioneer 
work by Stetson *at the Yerkes Observatory, that is to 
say, the employment of a diaphragm of the area required 
placed almost in contact with the emulsion.: The large 
relative apertures of the condensing and receiving lens 
system used by Stetson necessitated the actual contact 
of the diaphragm and emulsion if- errors from scattered 
light were to be avoided.: In the apparatus used by 
Schilt; which is also thereto- electric, it has been 
thought sufficient, to project. on to the plate the image 
of a small diaphragm, and to project this again on to 
a diaphragm placed at the thermopile;but it appears in 
a recent report #that the slight, imperfections of focussing 
caused by the lack of- flatness of -the plate may be 
sufficient to introduce appreciable errors. The writer, 
with a photo -electric instrument,, is more favourably 
situated, for the great, sensitiveness of the instrument 
allows the aperture ratios to be sept so low that errors 
caused by the variation of the distance between emul- 
sion and diaphragm are completely negiigible,and actual 
contact . is unnecessary.. On the other hand, the actual 
isolation obtained by the method used by Schilt has 
proved in the writer's hands infe.ri,or the.liSphragm 
* H. T. St et son, Astrophys. Jour. 43, 1916, 0.4153,6' 32'; 
and Popular Astronomy, 31, 193, p. 253. 
+ Bull. Ast. Inst. Neth. II, 2g.4, No. 6o. Groningen 
Publications, 32, 1920 
# Bull. Ast. Inst. Neth., III, 1926, No. 9a. 
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method, possibly because the lenses employed were not 
specially corrected in the region of the spectrum to 
which the photo- electric call is most sensitive. This 
point will be returnee to later. 
As is pointed out in chapter IV, uniformly illum- 
inated images may be measured by two distinct methods, 
the spot being in the one case sufficiently large to 
more than cover the image and in the other so small as 
to be completely covered by it.' In the latter case the 
results given in appendix 1, parts. II and IV, show that 






, where T is the transparency of the 
image.. Scales of this quantity corresponding to those 
of the effective diameter of fig. are shown in fig. 4 
The factor by which the numbers given have to be mul- 
tiplied to give a scale of- magnitudes is normally about 
1..25, and a comparison of the scales will show the 
characteristics of this method of measurement, namely, 
great accuracy coupled with small range.. In chapter 1V 
reasons are given for preferring the use of images 
smaller than the light spot, in this case spreading of 
the image at its edges will be an important factor with 
the denser images, and the corresponding scales will be 












Fig. 4, Scales of. Log,oT 
21 
Much remains to be done in designing a photometer 
suitable for measuring stellar images.: At present the 
high sensitiveness of the Koch instrument and its freedom 
from effects of lamp variations appear to make it the 
best type for the purpose.: Its speed could be improved 
by the use of vacuum cells filled with Sodium to give 
high sensitiveness coupled with freedom from the effect 
of the red end of the spectrum.: A good view of the field 
could then be secured by making the diaphragm limiting 
the photometer spot of red or orange glass.: The Lindemann 
electrometer appears to be the best. on the market for 
the instrument. - the writer's form, however, is easily 
made and quite effective.: (See appendix 3). The only 
drawback is the necessity for a high potential battery.: 
It would be worth making experiments to see whether by 
obtaining the voltage supply from the same source as 
is employed for the lamp current an arrangement could be 
obtained which would be independent of changes in the 
voltage.: The Pointolit,e lamp, for instance, gives a 
lower arc voltage for a higher terminal voltage, so that 
at. some point of the resistance the voltage must, be 
approximately constant.: With direct, current it would 
not be possible to use this feature of the lamp to 
provide the voltage for the cell and electrometer without 
either making the case live, or-4p having a double casing.: 
There seems no reason, however, why the arrangement shown 
in Appendix 1, part I should not, act with alternating 
current., in which case a small transformer could be used 
over the steady voltage points., or ailternately, a gas- 
filled lamp of the filament, type could be used, and the 
arrangement, compensated by a light. filter in front of one 
cell. 
SHARPLY FOCUSSED IMAGES 
The errors of stellar photographic photometry de- 
pend very greatly on the manner in which the beam of 
light from the star is distributed when it. reaches the 
plate.: In most. of the work on this subject the distri- 
bution has not, been specified with any approach to accur- 
acy, and where in addition the measurement of. the resul- 
ting images. is. made by eye it. becomes difficult., if not 
impossible, to form any definite ideas as. to the effects 
of suspected sources of error.: Where, on the other hand, 
the light. falls on to the plate in a definite manner and 
the image is measured by photometer, it. is not difficult. 
to trace the effects of different, sources of error, and 
to find conditions under which they vanish.: 
There are two ways of distributing the light. which 
may be regarded as ideal;. the one being to spread it. as 
uniformly as possible over a_.definite area of the plate, 
the other. to focus it on to an area so small that., in 
comparison with the size of the image formed by scattered 
light. from it., the area may be taken as a point,.: These 
ideal conditions, as might. be expected, are in neither 
case easily ^:ealised: there are, however, soma practical 
cases in which they are approached very closely.: In this. 
chapter the results of applying the light, to a very small 
area, of the order 10i in diameter, will be discussed, the 
next, treating of the uniform image.: 
It is impossible to treat. the subject of focussed 
images without, continual reference to the able manner in 
which it has been handled by F.: E.: Ross, even though his 
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treatment* has reference to eye measurement.: It will 
appear shortly, in fact, that. when the light from the 
star. doss fall on an area small enough to be regarded 
as a point,, the image formed is dense up to the edges, 
so that, it, may be treated almost as an opaque circular 
patch, for. which the results of eye and photometer. 
measuree would be identical. 
Ross. finds it . impossible to give an exact. maths - 
mat.ical treatment: of the growth of the image with exposure, 
but he shows that the assumption that the scattered light 
falls. off in accordance with Bouguer's law 
I = I o e -kx 
where I is the light. intensity at. a distance x measured 
perpendicularly from the edge of an illuminated area, Io 
the intensity just, within the edge, and k a constant, 
leads to the law of image growth used by Scheinert 
m = a - b.d 
where m is the magnitude of a star, d the diameter. of its 
image, and a and b plate constants.. He finds this for- 
mula to satisfy his observations of small images, and 
considers the use of Scheiner.'s.formula justified up 
to image diameters of about. 15Op.: Beyond this he finds 
some compromise necessary. between the law of Scheiner 
and that used at Greenwich, viz. 
m a - b1/d 
and proposes. the use of a formula involving an additional 
constant., 
m = a - bl/ a-f -Ti 
On the assumption that. a law similar. to Scheiner's 
holds when the time of exposure is varied instead of the 
* F. E. Ross, "The Physics of the Phot.ogr.aphic 'Developed 
Image; Eastman Kodak Co. 2924. 
'Die Photographie der Gestirne", Leipzig, 2147. 
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illumination, Ross calls the increase of image diameter 
obtained by doubling the duration of exposure the 
"turbidity" of the emulsion.: (Allowing roughly for the 
deviations. from the reciprocity law, the constant.b of 
ácheiner:'s formula may be taken as. about 1.5 times. the 
turbidity.): The turbidities he finds by laboratory 
experiments range from to 20/A, being, as might, be 
expected from the transparency of an undeveloped emul- 
sion, smallest . in light, of short, wavelength, and great- 
est, in the yellow.: 
When he compares the results found for: stellar 
images at the Yerkes Observatory with these figures, 
Ross finis good agreement., and concludes that the whole 
of the image growth is due to the sprieading of light 
through the emulsion, the effect of aberrations being 
negligible.: It is somewhat unexpected to find that the 
aberrations of a refractor, the peculiar diffraction effects 
present even at the centre of the field of a reflector, 
and the unsteadiness of the atmosphere, produce no 
appreciable effect on the rate of- image growth.. If, 
however, the result is considered in the light of the 
statement, made on p.:2 regarding the way in which the 
eye is attracted by a sudden fall of. density, while a 
gradual fall passes. unnoticed, it appears likely that 
this state of affairs will cease to hold good for auto- 
matic measures. of the images..: 
An instance of this is found by comparing the tur- 
bidity given by Ross *for the Yerkes. 6 inch U.:V.: camera, 
viz. 20/A for Cramer Iso. plates and yellow light, with 
that, derived from the thereto- electric measures of images 
* Loc. cit.,p. 101 
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given by the same camera, plates and light, published 
by H.: T.: Stetson. :* The increase per magnitude in 
"equivalent diameter" obtained from Stetson's figuras 
is about. 50/A, corresponding to a turbidity of 33/cc.: The 
difference cannot be attributed to the rather large 
diameters of Stetson's images, (from 120,,1 to 2801k) 
since Ross. finds that. for -this camera the law of 
Scheinar applies. over.a wide range.. Neither is it likely 
that. the lack of sharpness of the edges. of the images. 
given by the perfectly focussed. image is_ concerned.: For 
a turbidity of 20/4, the value of k in the expression 
T = Ioe -kx 
given above is. (assuming the - reciprocity law to hold) 
Zoge2 , leading to a fall of illumination in the ratio of 
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about. 29 _ 28 per lu.. The gamma of an emulsion of this 
kind with specular. illumination is. about. 3, hence the 
resulting fall of density per 7p at the edge of the image 
is abaut.0.25, and an image 200iu in diameter will fall 
oft by one unit of density in one -tenth of its diameter,: 
That cases do exist. where even with automatic meas- 
ur:ement aberrations., &.c.: are negligible is seen from the 
following instance There is. affixed to the 15 inch 
refractor of the Royal Observatory, Edinburgh, a Zeiss 
"Tes.s.ar:" lens of 59 fo cal length and an aperture of 
f: 6.3. This. lens. was: not made for astronomical use and 
consequently its. corrections. in the ultra -violet are 
inferior, but. in the yellow and green it gives. extremely 
small images., while owing to its. short, focal length 
atmospheric unsteadiness. even in the Edinburgh climate 
does. not, produce noticeable. effects..: With panchromatic 
* Ast rophys. Jour. 43, 19 16, P.272. 
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plates and a Wratten K2 filter its turbidity for small 
images is 20p, rising to 25/4 or more for images above 
150/h in diameter,: and this shows no difference whether 
the images. are measured by eye or: by photometer.: When 
a blue filter is employed with the same plates the effect 
of aberrations shows up strongly, and for automatic 
measures of equivalent.diameter:s the turbidity is upwards 
of 50/: The figura shows a positive print from a nega- 
tive taken by the writer with this camera, magnified 
Fig.5 . Images (a) in yellow light; (b) in 
blue light, given by Zeiss Lens, f:6.5. 
x 7 
seven diameters, showing two series of images. of the 
same star with various exposure times, the upper row(a).. 
being taken through a yellow filter and the lower (b) 
through a blue filter; As an illustration of the differ- 
ence between eye and automatic measures, it will be 
noticed that, to the eye the smallest image of series (b). 
appears smaller than the corresponding image. Of (a). To 
the photometer, however, the opposite is the case, thus, 
the measures of the two smallest images. are 
In yellow In blue 
light light 
Measured by eye 150 2a0 
n n photometer. 149 268 
It might, be expected that. the light, passing through 
the image would cause the effective diameter measured 
photometrically to be smaller. than the diameter measured 
.* The images are not in the centre of the field, and 
accordingly .show 'slight coma. 
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by eye.: Since, however, the density of the image over 
the greater part, of its area exceeds 2.0, this part 
therefore transmitting less than one -hundredth of the 
incident light, the effect, on the photometer of -the light 
passing through the image is small.: A more potent cause 
of reduction of the effective diameter is the Eberhard 
effect, (p..), the development. products of the danse image 
so weakening the effect of the developer in its immediate 
neighbourhood as to make these clearer than the unex- 
posed plate., For this reason focussed images give an 
even sharper edge than that calculated above, and the 
effect of weak aberrations. is. nullified. 
We next. proceed to examine the effects of small 
variations from the ideal conditions.. First. it may 
be remarked that. uneven development, has very little 
influence on the measures, provided that development 
is not so weak as to leave the images grey rather than 
black., To the photometer it matters. little whether the 
dense parts have a density of 1.5 or 2.5 - in either 
case so little light passes that they may be regarded as 
opaque., 
The effects. of defective focussing are more serious. 
Images of the nature discussed here cannot be formed in 
practice by long focus objectives, owing to atmospheric 
effects;. and their only application is to images given 
by short, focus. lenses, and even here over only a com- 
paratively small field compared with that for which such 
lenses are usually computed. To be of use in stellar 
photometry these leases. must have large aperture ratios, 
and in consequence have a very small depth of focus, so 
that even over the best part of their: field a slight. 
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tilt. of the plate, or even deviations from flatness on 
the part. of the emulsion, are sufficient. to give rise 
to appreciable errors.: To show the effects of imperfect 
focussing, even at. the centre of the field where the 
image remains symmetrical, the results .of a test, plate 
taken by the writer. with the Zeiss lens mentioned above, 
using a yellow filter: and a panchromatic plate, are given 
below.: The deduced magnitude error: is given on the 
assumption of a turbidity of 20/ found under these con- 
ditions,corres.ponding to a difference of diameter of 












0.9 0.137 1.97 
0.6 0.128 0.77 
0.'3 0.113 0.:27 
0.105 
- 0.3 04:117 0.40. 
- 0.:6 0.134 0.97 
- 0.9 0.149 1.4'7 
Even with the moderate aperture of f:6.$, then, a tilt 
of the plate of one- fifth of a millimeter over the dia- 
meter of the field used will introduce errors of the 
order of one tenth of a magnitude.: Lenses of aperture 
f : 2 are now made and may find a use in astronomy;. but . 
the difficulties in the way if they are applied to stellar 
photometry are very great.: 
Even more serious. disturbances occur if the guiding 
is defective and the images are in consequence slightly 
elongated.: Effects. of this. kind rendered it, impossible 
to use the 24, -inch reflector. of the Royal Observatory, 
Edinburgh, for stellar: photometry, at. any rate when in 
focus., the driving arrangements. being imperfeot.. The 
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effece of- guiding error is likely to be most. injurious. 
when a field of stars is compared with the North Polar 
Sequence, for in the latter case the error will probably 
vanish.: In the next, chapter a comparison is made be- 
tween the effects of what corresponds to an excessive 
case of bad guiding on sharply focussed and on evenly 
illuminated images, the formar being much the mora 
serious.: It is obvious from the figures. given above 
that the us.e of the automatic photometer does not always 
eliminate. the corrections which have normally to be found 
for different parts of the field of a lens.. The conditions 
under which its use renders these corrections. small are 
discussed in chapter V. The images. measured by Schilt, 
whose results form the basis. for some rather too optim- 
istic statements on this point, are not, of the nature of 
sharply focussed images., as the.term isemployed here.: 
It has already been noticed that the turbidity of 
an emulsion depends on the wavelength of the light, the 
longer wavelengths being transmitted through the unde- 
veloped emulsion more readily than the shorter.: Ross* 
gives the figures. 6/u for: wavelength 400 4, 11/4 for wave- 
length 48O/ , and 15/ for wavelength 640ft, but, it is 
doubtful whether lenses exist which are sufficiently 
free from chromatic aberration to give risa to sharp 
images. in all these wavelengths..: Assuming their exis- 
tence, however, it is. evident. that with heterochrsomatic 
light the rate of- growth will finally depend on the long 
wavelengths... According to Ross, the only region where 
the turbidity does not vary with wavelength is the 
* Int. Ast. Union Trans. 2, 1925, P. 85. 
* Loc. cit. p.107. 
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orange and yellow.: 
Some notes on the possible accuracy which can be 
reached with perfectly focussed images may be added.: 
Ross, assuming a turbidity of 10p, corresponding to 
a growth of 15 per magnitude in the image diameter, 
came to the conclusion that. since in measur :ement by 
eye a difference of 17u, is the utmost that can be per - 
ceived the accuracy is too low for good work.: The 
photometer will measure to 0.1u if desired, but. the 
error due to graininess (p..=) has to be considered, 
both in the image and in the surrounding plate.: With 
the focussed image the photometer spot should be small 
for the smaller images, otherwise the accuracy of 
measurement is. low;, but, these conditions lead to large 
graininess error,: As an example of the best that can 
be expected a series of- seven imagesof-.the same star, 
each exposed for: 30 seconds, may be quoted.: The Zeiss. 
Tes.sar lens was used at its best focus, with a yellow 
filter, the difference in diameter for one magnitude 








3 0.2523 from mean = 2.6j.4 
4 0.2569 
Deduced probable 
5 60 0456 error of one 
6 0.2537 observation = 0.045 
7 0.1569 
A comparison of these results with those taken under 
exactly similar circumstances with a blue filter will 
show that the error is not, due to errors of timing or 
of atmospheric changas, and by far the greater part 
seems to be due to graininess.: If this is. so, a 
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turbidity of 10/u instead of 20u, would increase the 
error to at least 0.0.6 mag.: for a single image.: 
It is concluded, then, that if perfectly focussed 
images were practicable the utmost accuracy that could 
be expected for images about, 150p. in diameter is Om05. 
for a single image measured by photometer;. that any 
small deviations from perfect focussing, whether due to 
plate tilt, aberrations or imperfect. guiding, will intro- 
duce errors which cannot be eliminated in the measurement 
of the images; and that the only region of wavelength 
where heterochromat.ic photometry will give consistent. 
results (see p. 63) is in the orange and yellow, a region 
so narrow that it can scarcely be termed h.eterochromatic.; 
Their advantages are that, they are not appreciably affect- 
ed by irregularities of development, and that in a field 
of stars photographed at a single exposure the range of 
images. measurable is unrestricted.. 
I V .: 
UNIFORMLY ILLUMINATED IMAGES 
In dealing with sharply focussed images in the pre - 
ceeding chapter the illustrations were all taken from 
stellar observations.: The case of uniformly illuminated 
images is more easily investigated in the laboratory, 
where the images may be of considerable area, thus . 
eliminating the error due to the graininess of the 
plate. Where factors such as the Eberhard effect or 
halation (the effect of scattered light in the emulsion 
or of reflections from the back of the plate) are present 
it is necessary to use large images to obtain consistent 
results. 
The measurement of such uniformly blackened areas 
falls within the province of sensitometry, from which 
the nomenclature has been carried into astronomical work. 
The transparency T of a deposit is defined as the ratio 
of the light, transmitted by it. to that transmitted under 
similar conditions of illumination by an unexposed part 
of the negative.: As might be expected, T depends to 
some extent on the illumination employed.: The colour is 
of little. importance; but owing to the light scattered 
by the deposit the transparency is much influenced by 
the relative apertures, giving rise to two idealised 
systems of measurement.: In the "specular "system both 
beams are normal to the plate and of small relative 
apertures: in the "diffuse ", on the other hand, while 
one beam is small and normal, the other includes. the 
whole solid angle on its side of the emulsion.: The 
33 
specular system gives the greater contrast and is there- 
fore preferred in astronomical work: the diffuse is 
usual in sensitometry from its relation to the condi- 
tions applying in contact printing.; The density D, 
which like the transparency may be either "specular" 
or "diffuse ", is defined by the relation 
D = -log=oT 
As an example of the difference between the two systems, 
it may be mentioned that a diffuse density of 1.p- corres- 
ponds as. a rule to a specular density of about 1.5.. 
The best. known relation between the density of a 
uniformly illuminated image and the exposure which pro- 
duced it . is that used in the Hurter and Driffield system 
of sensitometry, and though it . is based, not on the facts, 
but on. the conditions necessary for the preservation of 
correct. contrast in pictorial photography, it.is.some- 
times. used in photometry as a convenient empirical for - 
mula.; The assumed relation is 
D = y logzoE /i :.. ;....:.. (1) 
where E, the exposure,. is the product of the illumination 
I and the time t of exposure to it.: In this. chapter t 
is supposed constant.; The constants y and i are termed 
the gamma and the inertia respectively. In practice the 
curve obtained by plotting the density. against the 
logarithm of the exposure has a point of inflexion at 
a density depending on the emulsion, -and ovar a consider- 
able range of density around this point the above relation 
holds with some precision.: The use of the terms gamma 
and inertia is confined to this region, and in the low 
density region or: "under -exposure" portion of the density 
range,. where formula (1) ceases to hold good, they bear 
no relation to the properties of the plate.; 
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To the eye this region occupies a very insignifi- 
cant. part of- the full range of density, (up to perhaps 
0.3 in an emulsion with a total density range up to 2.5); 
but to the automatic photometer. this. region is most. 
important, for, as was seen in chapter II, it may occupy 
more than one -half of the useful scale. Where obser- 
vations of- density include this. low density region Abney's 
formula 
D = I (log E /E0)2 (2) 
(see appendix 1, part. VI) is sometimes useful.: When 
working with a deflection photometer it is more convenient 
to use the transparency than the density, and the writer 
has found the formula 
"g101-:-1 = Q log=os /Eo (3) 
in which Q and E0 are constants, more useful than either 
(1)' or (2).. Examples showing the accuracy to be expected 
from the use of the formula (3) will be found, in appen- 
dix 1, parts. II. and IT,. from which it appears that Q in 
the low density region is about 2.0.. 
When applied to stellar photometry these formulae 
become, (1). m = a - b. D1 (.2)', m a - b,/T, and 
(3),. m a - b logxo= 
T 
T , m being the magnitude of 
the star and a and b plate constants.. These formulae 
are directly applicable only to the measurement, of images 
which more than cover the photometer spot.. As. will be 
seen directly, these are not the most favourable condi- 
tions for measurement: it, is preferable to use a light 
spot, large enough to include the whole of the image.: 
Under these circumstances the only formula likely to be 
of use is. derived from (3)', it. is 
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nn = a - b login x 
c - x 
where x is the fraction of the light stopped by the image, 
and c the fraction of the area of the photometer spot 
which it occupies..; 
In the case of sharply focussed images it was sean 
that variations in development produced no appreciable 
effects on the measures.: On uniform images the effect of 
(4) 
LO i0 E- a 
Fig. 6. Relation between density and log. 
exposure. Ilford Zenith plates, blue light. 
A. Developed g min. B. Developed 2 min. 
variations of development. is very marred, and depends in 
in a somewhat peculiar manner on the density range used.: 
Fig.:5 shows the observed (s.pecular) :densities of an 
Ilford "Zenith" plate (H..; 3: D.: 650): plotted against the 
logarithms. of the corresponding illuminations (:that is 
to say, against a uniform magnitude, scale): and hence 
shows the density region to which formula (1) applies . 
and the manner in which the constants of that. formula 
are affected by development.: It. is evident. that: the 
constant i of the formula, corresponding to the con+atant 
a of the stellar formula deduced from it, is left unaffec- 
ted, the change being confined to the constant y (or b) :.: 
In fig.: 7 the same observations are shown, but. in place 
a _ T 
of the density the quantity log10 
T 
formula (3) 




Fig. 7. As fig. 6, but with = log=o 
in place of D = log=o . 
A. Developed g min. 3. Developed 23 min. 
D and loglo1 
T 
T is small when the density is greater 
than unity, the high density portions of figures and 7 
are therefore practically identical, and for this region 
the usa of formula (3) would involve Q as a term depending 
on the development., the quantity Eo being independent of 
it. The difference in the low density region is strik- 
ing, Q being independent of the development. while Eo 
(the index of the speed of the emulsion) depends on it.: 
The figure, of course, shows an extreme case;. with some 
emulsions at any rate it is possible t,o develop the low 
density parts so fully that, any effect of development. 
variations is confined to the higher densities., where 
even with the greatest precautions the error introduced 
may be serious.: In the first paper by L.: A.: Jones and 
Es-duse on the relation between time and intensity in 
photographic exposure* development was carried out in 
a water- jaoketed tray at. constant temperature for a 
carefully measured time, and with carefully prepared 
z - T 
l' 
* Jour. Opt. Soc. Amer, 7, 2923, p. 20 79. 
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solutions, yet the observations of a Seed 30 emulsion 
showed a systematic change of gamma with light inten- 
sity of 30%, which proved to be due, not. to any actual 
effect of the kind, but purely to the differences between 
different lots of development chemicals.: The methods 
adopted for overcoming the difficulty are given in later 
papers by the same authors; the instance, however, serves 
to show what, serious errors may occur in high density 
work,: to which eye photometers of the Hartmann type are 
restricted by reason of their inaccuracy in the lower 
densities..: 
Small deviations from the ideal form of image may 
occur either through a simple increase of area, such as 
would be introduced by variations of focal length in 
extra -focal work; or they may cause varying illumination 
over the image.: Where, as in the Göttingen Aktinometrie, 
the photometer spot is smaller than the image, any 
increase in image area necessarily entails a diminished 
affect on the photometer.: Where, however, the photometer 
spot is. larger than the image, there will be some parti- 
cular size of image for a given flux of light from the 
star which will give riss to a maximum effect on the 
photometer beam,: which effect. will then be unaffected by 
any kind of small variations in the distribution of the 
light from the star.: The density of this favourable 
image is found by considering the effect. of an alteration 
of area, leaving the illumination uniform. 
Let c be the fraction of the area of the photometer 
spot occupied by the image.: If during the 
exposure the illumination over the image, sup- 
posed uniform, is I, and the total nut of 
Jour. Opt. Soc. Amer. 22, 2925, p.329; and 22, 2g26, P.32 
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light over the image is constant, the product 
le will be constant, and 
T.dI t .dc = 0 
If after development T is the transparency of 
the image the light'.it absorbs from the photo- 
meter beam is say x, where x is proportional to 
c(1 - T), hence 




if x has its maximum value.: Now introduce the 
quantity q defined in appendix 1, part I, p.:(167)., 
observing that the quantity LS of that. appendix 
is the same as the quantity log1 
T 
T of formula 




T(s - T) I' 
Z. dx t . dT 
x z - T 
from the equations above, whence it, follows at 
that is a maximum (or minimum) when 
T = q, 0, or, possibly, z, which gives x = 0, 
Evidently the values. 0 (perfectly focussed image) - 
and s, (infinitely spread -out image) give the 
minima, and q the intermediate maximum.: 
In appendix 1, parts. II and IV, it is shown that q 
lies as a rule between 0.4 and 0,.6. For values of T 
between these limits it. is justifiable to neglect the 
effect, of scattered light at the edge of- the image, as 
has been done in the above analysis..: The result, that 
for images. of a certain density the effects of small 
variations. in the light distribution are eliminated by 
using a photometer spot larger than the image is. of 
considerable importance, especially when by choosing this 
density of image it, follows that the maximum possible 
effect is. being obtained from a given light flux.: The 
value of the density, from 0.:3 to 0.4 in normal cases, is 
well. suited to the scale of a deflection photometer, for 
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when the image takes up a considerable proportion of the 
photometer spot. the readings will be near the middle of 
the scale where the accuracy is greatest.. 
To give a set of figures showing the error: which may 
ba expected from variations of focus in extra -focal 
work, which should be comparable with those given in 
the case of focal images on p.28, the following set hava 
been computed assuming the formula (3)4, with the value 2 
for Q, for an image whose best. diameter is 200p, mea- 
sured in a photometer spot of diameter 350/.. Under 
these conditions formula (4) becomes 
m a - z. 25 l og so: 327 x 
Neglecting the effect of scattered light, and assuming 
that the beam of light . from the star may be considered 
as a cone of apertùre f:6.3, the errors corresponding 














0.9 0.898 0..100. f 0.45 - 1..07 f 1.18 
0.6 0.826 0.124 0.27 0417 0:05 
0.3 0.702 0.150-. . 0.09 0.27 f 0.4/ 
04500 0.164 0.00 0.00 0400. 
- 043 0.251 0.142 0.14 0.40 - 0. :59 
- 0.5 04070 04084 0.58 0.97 1.40 
- 0.9 0.007 0.026 1.32 1.47 - 2.72 
For a transparency of 0.007 it is certain that scattered 
light. would lead to a considerable increase in the value 
of x for the last image, so that the error in practice 
would be much r:edueed in that case, though_only when the 
light spot, is. larger than the image. Where the light 
spot is much smaller than the image the figures given in 
the last column show that the possibility of errors 
through slight variations of focus is very great.. 
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Another comparison which may be made between the 
focussed and the uniform image is in respect to the 
error introduced by imperfect guiding.: The case con- 
sidered is not exactly a practical one;. but the results 
must be exagprrated instances of those occurring in prac- 
tice, and it has the advantage of being easily worxed 
out..: The comparison is between the errors introduced by 
giving half the exposure on one area of the plate and 
half on an adjoining area far enough away to give separ- 
ate images, but. close enough for both to be within the 
photometer spot.: In the case of focussed images, if the 
single image has__.an _effective diameter d, the two will 
have each the effective diameter (d - h), where h is the 
turbidity" (p.24).: The double image will therefore have 
the same effect on the photometer as a single image of 
diameter (d - h} 2, which differs in magnitude from a 
single image of diameter d by .011 
h "" - d magni- 
tudes (approximately).: Now h (p.:24) is of the order 
10 - 20h, while d is seldom below 80,, and ranges up to 
over 500/4.: Assuming a turbidity of 15), the error will 
be half a magnitude for a single image 80) in diameter; 
over two magnitudecs for a moderately small image 150 
in diameter, and over eight magnitudes for a large image 
5001L4 in diameter.: 
Compare these figures with the results for a uni- 
formly illuminated image.: Using formula (3): and putting 
0 equal. to 2, the transparency T of the image is given 
(cf.: appendix 1, part II., p. :(183)): by 
i. i t EA 
1 Eo 
hence the light stopped by it is proportional to 
E2 
ET E: 
. It. follows that two images, each having the 
0 
exposure ¡-E, are equivalent in absorbing power to a 
4'1 
single image having the exposure E_, where 
E2 
------ 
E2 + E2 
2E2 
E2 + 4Eo 
The difference of magnitude corresponding to the expos- 
ure ratio E1 /E is easily computed from this formula.: 
Tor a weak image for which the transparency of the single 
image is 0.9 the difference is. 0.34 magnitudes.. It 
vanishes for an image rather denser than one of the 
correct, density for maximum absorption for a given 
flux of light (p.38) and increases to an impossible 
amount as the image density rises.: It may therefore 
be concluded that. in practical cases the effect of bad 
guiding will be much smaller for uniformly illuminated 
images than for focussed images, and that in both cases 
it is likely to be serious for the densa or large images 
corresponding to brighter stars.: 
The effect of varying the effective wavelength on 
the quantity y of formula (1), corresponding to the 
high density value of 0 in formula (3), has been he 
subject of much controversy._ Some remarks on the 
subject in appendix 1, part VI, may assist in clearing 
up the question, and if the conclusions are correct, 
it should be possible to obtain emulsions for which y 
does not vary with wavelength, it being merely a matter 
of employing a thinly coated plate.: There is less doubt 
about the variation of Q with wavelength in the lower 
densities.: The quantities Q of this chapter and q of 
appendix 1 may be regarded as reciprocals, and its 
dependence on wavelength deduced from the results given 
in parts II and IV of that, appendix.: As in the case of 
focussed images, the only regions in which Q is constant 
are those in the yellow and orange to which isochromatic 
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and panchromatic plates are sensitive.: 
The chief difficulty which attends the use of 
evenly illuminated images is that.b.f obtaining such 
images without undue increase of size.: The unavoid- 
able fifth order aberrations of short focus lenses 
(especially fifth order spherical aberration)lead 
to great divergencies from uniformity in their out - 
of- focus images, and it seems impossible to obtain 
approximately even illumination until the focal ratio 
falls below f:12.. A photo- visual refractor working at 
about. f115 will produce suitable images over a consider- 
able field, of not more than 0.:3 mm. diameter.: Extra - 
focal reflector images might be suitable, though the 
field Mould be small;. but it will be seen in the next 
chapter that conditions for the use of large reflectors 
in focus are not unfavourable.: The use of a Schraffier- 
kasette, as in the G8ttingen Aktinometrie, introduces 
other questions;. some of these are considered in chapter 
VII, but they would require further consideration before 
applying the results of this chapter to such images., 
Thera is one other practical case in which a uniform 
image may be obtained: this is by the use of a very 
short focus lens placed at or just beyond the stellar 
focus of the telescope and having the photographic plate 
at its focus. The result is to form an image on the 
plate of the telescope objective,. and to throw on this 
image the light of any stars focussed within the aperture 
of the lens. Since the image formed is perfectly 
uniform and independent within wide limits of telescope 
aberrations, guiding errors, and wandering of the star 
* This idea is not original, it is, however, so obvious 
an application of the " Ramsden circle" of an eyepiece 
that, it can scarcely b.e credited to any one person. 
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the method should have great advantages in the study, 
for instance, of eclipsing variables which are too 
faint for photo -electric observations, but bright enough 
to be compared with other stars by a method involving 
separate exposures, without too great loss of accuracy 
from variations in atmospheric transparency. The metnod 
is also ideal for comparing the brightness of an extended 
object such as a major planet with an appreciable disc 
with that of a star.: Here again the difficulty is to 
obtain small enough images for efficiency.. An image of 
2oat, diameter, which would be perhaps the best size, 
would require with a telescope of aperture f:12 a lens 
of focal length 2.4 mm.: 
To sum up..it. appears that uniform images possess 
advantages over focal images in giving rise to smaller 
errors from small changes in the light distribution, 
such errors being eliminated for images of a particular 
density.: The difficulty as a rule being to secure small 
enough images, graininess errors will be small, and since 
high aperture ratios. are out. of the question, errors from 
plate tilt. or variations of focus will also be small.: 
It is possible to obtain the maximum effect by their use 
from a given flux of light; but this possibility of high 
efficiency is usually off -sat. by the unduly large images . 
which have to be used to secure uniformity of illumination.: 
The accuracy of measurement is high when a deflection 
photometer is.used;. but. the range of images measurable 
is restricted.: They are subject to larger errors from 
variations of development than focussed images, more 
especially when the images are dense.: Though actual 
figures cannot, be given, an accuracy of (5%2 should be 
within reach with images 0.3 mm in diameter.: 
IMAGES OCCURRING IN PRACTICE 
Of the two idealised forms of image discussed in 
the last two chapters, namely, the sharply focussed 
image and the uniformly illuminated patch, the first 
was found to be preferable in range of magnitude cov- 
ered in a single exposure to a field of stars;. the 
second in accuracy of measurement and economical use 
of the available light._ Neither type can, however, be 
realised with any approach to perfection over a large 
field, while in the photometry of faint stars it. is. 
necessary to use large reflectors, so that the effects 
of aberrations, the wandering of the image due to 
atmospheric disturbances and imperfections of guiding, 
and the variations of foeal length have to be faced.: 
In the case of both ideal image forms measurement 
by a photometer having a light, spot, larger than the image 
led to the elimination in certain cases of the effects of 
small changes in the distribution of the light from the 
star.: In the case of the focussed image the effect is a 
minimum when the focussing is most perfect: the uniform 
image, on the other hand, gives a maximum effect. when it . 
is of a particular density.: These results lead to the 
question whether it is possible to find a form of image 
which shall combine these two cases in such a way as to 
give measures independent, of changas in the light.dis- 
tribution over a wider rangs than in either of the ideal 
cases dis.cussed., It seams probable that the required 
form is an image containing a concentration of light 
accompanied by a fairly uniformly illuminated area - if 
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so, the presence of spherical aberration and coma in the 
objective will be an advantage rather than a defect. 
There is another way in which an increase of effect with 
increased area of image may be partially compensated; 
this. is by limiting the size of the photometer spot, so 
that it . is little larger than the normal image, leading 
to "out -off" with large images._ This form of compensation 
may be carried still further by using in place of a uniform 
photometer spot, as has so far been taken for granted, a 
lighting distributed in such a way as to suppress. the 
effects of growth without altogether eliminating them.: 
In photometry with lenses covering a considerable 
field of stars the most troublesome errors arise from 
variations in the distribution of the star's light over 
its image according to the position of the star in the 
field.: Starting with the case of a telescope which 
gives well- defined though not, indefinitely small images 
at the centre of its field, with aberrations increasing 
from the centre outwards, it may be confidently expected 
from the results of the last two chaptera that. the effect 
of the aberrations will depend on the magnitude of the 
star.: Bright stars should give an increased effect as 
their distances from the centre increase, with a maximum 
when the mean transparency of the image is in the neigh- 
bourhood of the value of q for the emulsion, provided 
that the image is..s.till.small enough to be within the 
photometer spot.: Further increase of image area with 
increasing distance from the centre will lead to a 
continuous fall in the measured effect, enhanced even- 
tually by the effect of "cut-off" If-the star is very 
bright, cut -off will come into action before the maximum 
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is reached, and for a certain range of image sizes may 
balance the rise of effect with increased area.: For 
much fainter stars it may happen that even the smallest 
. 
images in the centre of the field are not dense enough 
to fulfil the condition for a maximum effect, the result 
will be that such stars will have their maximum effect 
at the centre of the field, falling off continuously 
towards the margin.: 
The large reflector offers an excellent example of 
these conditions, the aberrations increasing rapidly 
from the centre of the field outwards, and in the analy- 
sis by J. Schilt* of measures of plates taken with the 
60 inch reflector of the Mount Wilson Observatory these 
expected results are sean to occur.: Schilt gives his 
results in what. he calls "galvanometer values ", these 
being identical with the mean transparency of the area 
covered by the photometer spot, in parts per thousand.. 
With images having galvanometer values of mora than 700, 
that is to say, the faintest stars, there is a decrease in 
the effect for a given light flux in passing outwards 
from the centre.: By the time a galvanometer value of 
from 600 to 500- is reached this decrease is replaced by 
an increase.: Brighter stars, with images between 500 
and 100 show no appreciable difference between centre 
and margins. Here, evidently, is. the effect of com- 
pensation by cut -off, for an image absorbing 90,% of 
the light will certainly lie very largely outside the 
photometer spot...: 
Schilt himself considers it, dangerous. to draw 
conclusions from his figuras as to the systematic errors 
involved in the photometric measurement of stellar images;. 
* Groningen Publication 3 2. 
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but other writers have been less cautious in forming 
opinions and have even taken his results as showing 
that the method of measurement annuls the effects of 
aberrations.: Though certainly much smaller than with 
eye measurement, the errors observed agree too well 
with those expected to be accidental, and cannot even 
in this favourable casa be regarded as negligibly small.: 
It should be mentioned also that the more perfect 
the images at the centre of the field,_the mora liable 
they will be to errors from imperfect guiding.: The 
24-inch reflector of the Royal Observatory, Edinburgh, 
gives good images;. but its guiding arrangement are 
inferior, and measures of some of the Harvard fields 
on plates taken with it gave the most divergent results 
for the denser well- focussed images when the photometer 
was used for the measurement,.: On the other hand, a plate 
of the Pleiades on which the fainter members of the 
Harvard Sequence were placed nearly a degree from the 
centre of the field gave for these memiaers very cousis- 
tent results, in spite of the fact. that. their shapes were 
such as to defy eye measurement.: 
Another: instance of the effect of aberrations is 
afforded by the plates. taken with the Zeiss lens mentioned 
in chapter III.;. but used without a filter on blue - 
sensitive plates..: Under these conditions spherical 
aberration is noticeable, the images taking the form 
either of rings or of a central condensation with a 
hazy.border.: The effects of varying the distance of 
the plate from the focus are shown in fig.a for a 
bright star and in fig.Hbfor a faint star taken at the 
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Focussing scale 
Fig. 8a. Effect of varying 
focus on large image 
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3 4 5 mm 
Focussing 'scale 
Fig. 8b.. Effect of varying 
focus on small image. 
too dense to give the maximum effect, hence all that 
appears is a minimum at the position of "bast focus ".: 
The faint image is still bright enough to have a min- 
imum between two maxima, only one of which is shown in 
the figure - in this case a small photometer spot was 
used in order to obtain greater accuracy, and the sharp 
fall from this maximum is to some extent the effect of cut- 
off.: It will be noticed that the two minima occur at 
different positions of the plate - this is due, not to 
plate tilt, for the images were close to each other on 
the negative, but, to the effect of the aberrations, which 
produce a different "best focus" for each size of image.: 
Comparing the results with those for sharp images 
in chapter III. the greatly increased rise of equivalent 
diameter with incr:eas.e of exposure will be noted.: The 
increase here for unit difference of magnitude is. from 
90 to 95/,, compared with only 30/ in the case of sharp 
images even in the favourable case of yellow filtered 
light,: With the substitution of effective diameter for 
diameter the law of growth is, within the experimental 











10 0.212 0.212 
15 .251 .214 
20 .276 .212 
33 .315 .213 
40 .344 .214 
60 .379 .213 
90 .404 .207 
The high accuracy will be noticed; the probable 
error of a single image is rather less than O.432. 
Another example of the high accuracy to be expected in 
the presence of considerable spherical aberration is 
given below in a form exactly comparable with the 
measures of sharply focussed images on p..30, i.1 e. for 
a series of seven equal exposures on the same star, close 










5 0.2338 Deduced probable 
6 0.2338 error of one 
7 0a2361 
observation = o.oz3 
The images are perhaps larger than the bulk of 
those met with in photometric work; but even so the 
accuracy attainable in photographic photometry does not 
seem to have been realised.' Most astronomers have come 
to regard the photo- electric cell as greatly superior 
to the photographic plate in accuracy - this in the 
writer's opinion is untrue.. It is admittedly superior 
in the manner in which it obeys the reciprocity law, 
so allowing more convenient methods of working; but the 
b0 
advantage which it enjoys at present in the accuracy of 
the results obtained is due almost entirely to the con- 
ditions under which it is employed - conditions more 
favourable to accuracy than have ever been applied to 
the photographic plate.: Take, for instance, a twelve - 
inch telescope, with a small diaphragm (which in this 
case might be replaced by a short focus lens as on 
p.42) at the stellar focus, into which the image of the 
star is brought; place immediately beyond this .a photo- 
graphic plate surrounded by an enclosure kept at constant 
humidity; and confine the observations to stars brighter 
than the 6th magnitude, giving exposures of the order of 
20 seconds. The results would then afford a fair com- 
parison of the photographic and photo- electric methods.: 
In normal practice the plate is expected to give good 
results on ninth and tenth magnitude stars under less 
favourable conditions than this. 
One cause of error in photographic photometry has 
still to be mentioned.: This is the influence of light 
from the neighbouring stars or from the sky.. The former 
not only introduce additional light (which can be rough- 
ly computed, and is usually negligible)- but render the 
background uneven,: so adding to the difficulty intro- 
duced by graininess in finding a part of the neighbour- 
ing plate with which to compare the image.: Skylight may 
introduce errors which are difficult to estimate, for 
the effect produced by a faint illumination on an image 
may be much greater than its effect, on the otherwise 
unexposed plate.: The effects of exposing images already 
formed to long- continued faint illumination are in par- 
ticular complicated and obscure, and the best way to 
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avoid errors from skylight appears to be to shield 
all parts of the plate except those actually exposed 
to the light of the stars to be measured. 
The irregularities in the "clear plate' measures 
of plates taken with the 241 -inch reflector of the Royal 
Observatory, Edinburgh, which appeared to be due to 
the presence of stars too faint to be visible, prompted 
the writer to examine this effect. further.: A plate 
exposed on the Pleiades was taken and a search made for 
faint stars at the positions indicated by a long exposure 
photograph of the region.: It was found that images giving 
below two divisions deflection, corresponding to an 
effective transparency of one per cent, were quite in- 
visible, even when their positions were known.: Images 
giving between two and four divisions deflection could 
not be found by eye, but could be distinguished when 
their exact positions had been found by the photometer.: 
Such images as these could be located with considerable 
accuracy by the photometer and very fair estimates of 
magnitude made; and it seems likely that it would be 
of assistance in picking up faint images of satellites, 
&c.:, on plates of regions for which other similar 
negatives are available for comparison.: It might indeed 
be possible after suitable comparisons to extend the 
range of stellar observations on the longest. exposure 
negatives by a full magnitude by the use of the photometer. 
V I . 
PHOTOMETRIC METHODS 
Terrestrial photometry is subject to difficulties 
arising in the first place in the realisation of a 
light source suitable for use as a standard; in the 
second place in the correlation of the luminous sen- 
sations of a particular eye with those of a standard 
eye or with some more ultimate units; and in the third 
in the comparison of two similar sources with each 
other. The last might be expected to give little trou- 
ble; but even here no great aecuraoy is secured;. and 
when the photographic plate is substituted for the eye 
matters are made worse, for one of the most trusted 
measuring instruments - the rotating sector - is found 
to give results which are difficult to interpret. It 
is in the study of photographic plates, in fact, that 
the difficulty of reducing the intensity of a beam of 
light in a known ratio is most apparent indeed,_ not 
many years ago it was stated by Dr.: C. K. Mees that 
in investigating the deviation's from the recipr :ooity 
law there is but one trustworthy method, namely: the 
inverse square law method.' 
In spite of this statement., a critical examination 
of the circumstances under which the inverse square 
law is applied do not suggest freedom from systematic 
error. A source of light which is assumed to radiate 
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uniformly over a considerable solid angle is placed 
within an enclosure the walls of which are supposed 
perfectly black, and finally, the receiver is supposed 
to integrate the radiation falling upon it in a manner 
which is independent . of the position of the source in 
the line joining source and receiver.- The source, the 
walls and the receiver are all capable of introducing 
errors,. and great precautions have to be taken if these 
are to be reduced below one per cent. 
In the matters of an absolute standard and meas- 
urement, in terms of that, standard stellar photometry 
is no more advanced than terrestrial,. and even in the 
comparison of the radiation of two stars of the same 
spectral class the difficulties have been considerable.: 
For instance, in default of a method which could be 
considered free from systematic error, the Harvard 
North Polar Sequence was based on the mean of the re- 
sults of a number of different methods, all known to 
be unsatisfactory in some respect or other.: 
The use of the photo -electric cell and thermopile,- 
in place of the eye or photographic plate, makes poss- 
ible a far higher order of accuracy than is reached 
in eye or photographic work in the measurement of 
intensity ratios.: A method of comparing two similar 
sources of light to an accuracy of within one in one 
thousand was published in 1925 by Dr.: N.' R.: Campbell 
and 4r.: H.: W.- H.- Gardiner.:* A closely similar method 
has been in use at the Royal Observatory, Edinburgh, 
for many years for calibrating photo -electric oells;- 
for: although not previously published by him-in relation 
* journal of Scientific Instruments, 2, 1925, p. 177. 
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to photometry the method is practically contained in 
Dr. Oampbell's writings on absolute measurements,* 
which suggested it to the writer. Its freedom from 
troubles due to scattered or reflected light led to 
the adoption later of a somewhat similar method for 
the calibration of photographic plates, in spite of 
the fact that, the conditions are much less favourable 
in this case than in the case of the photo -electric 
cell. To show the accuracy and certainty with which 
the latter may be calibrated the experimental details 
and results are given below;- 
In testing the relation between the photo -electric 
current. C and the illumination I it is simpler 
and more accurate to do so indirectly by exam- 
ining the sensitiveness dC/dI for various illu- 
minations. If a galvanometer is used for mea- 
suring the currents the main current through 
the cell may be annulled by that through a 
second cell lighted by the same lamp, so elim- 
inating the irregularities due to lamp fluctua - 
tions. The sensitiveness itself is measured by 
the application of a small subsidiary illumina - 
tion.' 
+80v. 
kt from Pointolije lamp 
To Galvanometer 
80 v. and Ea rt-k . 
Fg.9 Arrangements for calibrating cell. 
A stereoscopic camera front was set up opposite a 
"Pointolite" lamp, and a reflector was added 
* See, e.g. "The princiiles of Electricity ", London, 
(Jack)' 0.37 
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at the side as shown in figure 9 , with a sep- 
arate shutter. The light passing through this 
shutter was partly reflected into the cell to 
be tested by a slip of glass in front of the 
cell window. Connections were made as shown to 
batteries and to a Broca galvanometer. 
An example of the results is appended : - scale 
dins. 
Current through cell when directly 
illuminated ........ 
Added deflection produced by reflec- 
ted light . 





The experimental error is then of the order of one 
in five thousand, though to keep the error down to these 
dimensions it is necessary to work slowly, resting the 
cell between exposures, and reading the deflection after 
a fixed interval of time from the commencement of the 
exposure. Using such precautions to avoid the effects 
mentioned 4A App *: 4 , it was found for a certain cell 
that the error in assuming exact proportionality between 
illumination and deflection u.p to 500 divisions of the 
galvanometer (one division represented about 2 x 10-1° 
amperes) would nowhere exceed one per cent;. and that 
by the use of a calibration curve it could be reduced 
below one in one thousand. It will be noticed that in 
the calibraticn method the presence of scattered light 
is of no importance, neither is. there any possibility 
of effects such as interference or polarisation, either 
of which in certain cir :cumstances might give -rise tó 
doubt as to the legitimacy of assuming. that, the effects 
of the different beams are additive.' The calibrated 
cell was therefore used with perfect confidence for 
testing other photometric methods. 
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The object was to find a method which gave with 
simple ana» inexpensive apparatus- resúlts.jhtjfying the 
expectation that by its elaboration freedom from appre- 
ciable systematic error could be secured. It was found 
at on that without elaborate screens and curtains and 
a source of light of special construction there was no 
hope of reasonable accuracy from the inverse square law 
method. The polarising prism method was next tried, and 
gave good results up to angles of 60° from the position 
of maximum illumination.: Beyond this the illumination 
indicated was in excess.of the calculated amount, and 
there was besides some difficulty in getting rid of a 
slight prismatic shift of the light beam. No stress 
is laid, on these results, which. are presumably due to 
the use of imperfect prisms; but. though the sin2 law 
has been verified in some cases, there have been other 
instances of doubt. as to its accuracy** If the only 
test of the perfection of the prisms is the manner in 
which they behave towards the sin2 law, they evidently 
cease to be of use in absolute measurements.' 
Another method tried was the use of a "neutral" 
glass whose absorption could, be measured photo- electri- 
cally to almost any desired accuracy. The great diffi- 
culty found in working with so- called neutral sc1eens 
or wedges was that, of finding a material at once neutral 
and free f ̂  :om scattering particles,. exact neutrality 
being especially difficult, to secure in the ultra -violet. 
The presence of scattering particles, as in the Goldberg 
Bull & Cartwright, Jour. Sci. Inst. 2, 2923, 0.75. 
It may be noted that in testing the deviations from the 
reciprocity law by this method Dr. E. Iron placed no 
great confidence in the accuracy of the sine law; but re- 
fers. to prisms tested by the inverse square law method. 
See Potsdam Publ. 22, 1923, Nr.67, 
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wedge, necessitates the calibration of the screen under 
the exact conditions of use.. The Goldberg wedge is 
frequently placed immediately in front of the photo- 
graphic plate, introducing errors from inter -reflections 
between plate and wedge which are difficult to estimate. 
A comparison of the value of Schwarzschild's index for 
a certain emulsion measured in this way with that found 
by the absolute method described later showed differences 
of two or: three per cent ;: but it. should be noticed that 
in these measures, as in all the writer's work with 
photographic plates, the area of plate covered was 
small, comparable, in fact, with the thickness of the 
screen. used. Greater freedom from systematic error 
should be secured by the use of: wedges and areas of 
plate large in comparison with the thickness of either;- 
though under such circumstances errors due to irregular 
development and to variations_ of film thickness become 
important. The precautions to be taken in the use of 
the wedge unier these conditions age described in a 
recently published booklet.,* 
Ohe of the most promising methods tried was the 
rapidly rotating sector, the use of which, though con- 
damned in the booklet just mentioned; has been found 
accurate under all the circumstances tried by workers 
at the U.' S.- Bureau of Standards and others, References, 
together with the, writer's experiments on the subject, 
will be found in Appendix 3 Apart from the doubt 
regarding the validity of Talbot,'s law, considerable 
difficulty was found in obtaining uniform illumination 
over a stepped sector used close to the photographic 
* Dobson, Griffith and Harrison, "Photographic photo- 
metry.' Oxford, Clarendon Press, 1926. 
Not content with the disparaging remarks given on pp. 
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plate which it was the purpose of these experiments to 
calibrate. In its perfect neutrality throughout the 
spectrum and in the ease by which any desired ratio 
of absorption can be obtained, as well as in freedom 
from reflections, the rotating sector is unc:ivalled; 
and the objections which have been raised against it 
relate apparently to the error which enters in the 
use of a slowly rotating sector. Such a sector would 
scarcely ever be used in practice, owing to the diffi- 
culty of starting and stopping the exposure at the same 
position of the sector; the confusion appears to have 
arisen through the use of a sector as a means of mea- 
suring the duration of a continuous exposure, and from 
its use in sensitometry before the deviations from the 
reciprocity law were recognised.' 
The absolute method finally adopted was the addi- 
tion method, the original form of which is described 
in appendix I. It is an attempt to realise the condi- 
tions for the addition of two equal illuminations and 
so produce an illumination equal to their sum; though 
in practice an allowance has to be made for the ine- 
quality of the original illuminations. In spite of 
the crude form of the original apparatus the method 
gave consistent results which appeared to be extreme- 
ly reliable and free from systematic errors; the only 
loophole for such errors being apparently through the 
Eberhard effect, the images given by the separate and 
combined beams having slightly different areas. It 
was to test. this point that the comparison of the 
iq and 24 of this booklet, a reviewer again finds occa- 
sion to condemn the use of the rotating sector in con- 
nection with the mention of its use on p33 (See mature ", 
228, 0.680. In neither case is any evidence quo- 
ted for the opinions expressed. 
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addition and rotating sector methods described in 
appendix 3 wer:e undertaken, and though the deviations 
found were of the same order as the experimental error, 
they pointed to systematic errors in both methods, of 
the order of one -half per cent.: A new addition camera 
shown in section in figure 10, was therefore constructed 
in which any error arising from the Eberhard effect 
should be completely negligible. The effective light, 
VVa.-t-ex ho u se 
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Fi(. io. Improved camera for addition method of 
photometry. 
sources consist of -two surfaces of ground white milk 
glass, separated by a thin blackened brass sheet, to 
give as little space as possible between them, and the 
diaphragm which limits the area of plate exposed to 
them is hinged in such a way as to fall into a position 
nearly touching the emulsion when the dark slide 
carrying the photographic plate is open.; Any remain- 
ing systematic error in this camera is believed to be 
less than one in two thousand.: 
It might . be supposed that a measurement of the area 
of the stops of t,his.oámera would be sufficient to give 
an accurate measure of the light passed. The difficulty 
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here as in all similar methods, is to secure the requi- 
red uniformity in the light beam. The misleading nature 
of the appearance of the surface illuminated by the beam 
to the eye has already been mentioned; and the only safe 
method of ensuring uniformity is to test the flus of 
light at different parts of the beam by a photo -elec- 
tric cell. Good results may be expected from a light 
source consisting of a hole in the wall of a receptacle 
whitened within and containing a lamp or lamps;: a some- 
what similar arrangement may be used to integrate the 
light passing the measured stop and divert it on to 
the photographic plate. 
The methods so far considered have been those 
applicable to the calibration of photographic plates 
or absorbing screens in the laboratory; and the exper- 
iments descriibed were made with the object of cali- 
brating the plates used in an investigation in stellar 
spettro- photometry.* The conditions in stellar photo- 
metry are peculiar in that the stars give perfectly 
uniform and parallel beams of light over the telescope 
objective, from which they converge to almost perfect 
point images. Of absolute methods which have been used 
on the telescope for determining intervals of magnitude 
those dependent on the use of polarising prisms have 
already been rejected as requiring independent tests. 
The others are the objective diaphragm, the objective 
grating, and the inverse square law method used by E. 
King +. It is surprising that the rotating .sector has 
not been used in stellar photographic photometry, 
* R. A. Sampson, Monthly Notices, R. A. S., 83, 1923, 
0. 274; and 85, 292.5, p. 222. 
E. King, Harvard Annals, 5g, 292a, O. 41. 
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seeing that its use involves no appreciable disturbance 
of the distribution of the light from a star over its 
image; that it allows images of reduced and unreduced 
stars to be photographed at one exposure; and that it 
is a familiar adjunct in parallax work. 
In the method used by E. King for work on the 
brighter stars the image of the star is used as a point 
source and the plate is placed at different distances 
from it until the deposit obtained as the result o? a 
fixed exposure time has a standard density. Since the 
images of the stars have unequal areas the larger will 
be more affected by the Eberhard effect that the smaller, 
leading to a systematic contraction of the magnitude 
scale.: The resulting error cannot be more than a few 
hundredths of a magnitude over the range covered; however 
the method is not likely to be of lasting importance, 
for the bright stars covered by it are capable of being 
dealt with by photo- electric methods. 
The objective grating has many advantages for 
stellar work. The images are all photographed at a single 
exposure, and are conveniently placed for identification. 
The magnitude interval between direct and diffracted 
image may be made as large as is desired by a suitable 
grating, and can be accurately computed from its dimen- 
sions.' Its drawback is the difference of form between 
the direct and diffracted images. The effect of the 
change from a round to an elongated image may be deduced 
from the results found in chapters 3 to 5; from which 
it will be gathered that for denser images the diffracted 
images will be too large, while for the weaker they will 
be unduly weakened. The writer would expect that if the 
direct images were of the nature of the sharply focussed 
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images discussed in chapter 3 the errors introduced into 
the results would be very considerable; the method has, 
however, been applied mainly to long focus instruments 
where the effects would not be so extreme. In the eye 
measurement of the images it is scarcely possible to 
say what. form the error introduced by this change in the 
shape of the image will take. 
The objective diaphragm has the same disadvantage 
as the grating, without any of its advantages. Its 
effect, however, will be in general to give the reduced 
images smaller than those taken with the full aperture, 
since unless the diaphragm is very small diffraction 
is seldom an important factor in determining image size. 
The effects of change of size are less important than 
those of the elongation produced by the grating, the 
images remaining symmetrical. It should be noticed 
that the method is practically restricted to a reflec- 
tor, owing to the fact that on a refractor the crown 
and flint components vary in thickness with distance 
from the centre, while in the shorter wavelengths the 
flint is the more strongly absorbent. 
To sum up the contents of this chapter, then, it 
appears that there are laboratory methods by which 
light ratios may be determined to an accuracy of within 
one in two thousand; but that such methods are not 
directly applicable on the telescope, where et the whole 
the best absolute method appears to be the rapidly 
rotating sector, the systematic errors of which are 
of the order of one in two hundred when used with the 
photographic plate Where such errors are objectionable 
it may be possible to secure higher accuracy by the use 
of some intermediary calibrated by laboratory methods. 
V I I . 
THE ILLUddINATION - EXPOSURE TIME RELATION 
FOR THE PHOTOGRAPHIC PLATE 
The importance in photographic magnitude work of the 
questions discussed in the present chapter will be real- 
ised if an attempt is made to define the term "photographic 
magnitude" in a manner which shall lead to consistent 
results.: There is one logical condition which should be 
fulfilled by a scale of photographic magnitudes - it may 
perhaps be best seen in the case of stars belonging to 
a single cluster.: Suppose absorption in space to be 
completely negligible, then if the cluster is moved to 
a distance from the earth of for example ten times its 
original distance, the new magnitudes of its stars, irre- 
spective of their spectral types, should be formed by 
adding a constant., in this case 5, to their or=iginal 
magnitudes.: 
It has been seen in chapters III and IV that if 
the magnitudes of the stars are derived on a plan which 
entails the images of the fainter stars being either 
smaller (in the case of focussed images) or less dense 
(with uniform images) than the brighter, this condition 
will definitely not be. fulfilled - there will be a 
photographic Purkinje effect, as foreseen by Hartmann 
as far back as 1899 *.: Strictly, as mentioned previously 
(p.4) the extent of our knowledge of the photographic 
plate does not justify the employment in absolute work 
* Astrophys Jour. 10, 1899,p.2.29. 
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of images which differ in any respect whatever, whether 
it be size, density or exposure time.: 
The International scale of photographic magnitudes 
has been constructed mainly, though not. entirely, on the 
principle of identical images.: The brighter stars have 
been reduced to equality with the fainter by the use of 
wire gauze screens* :apparently the only means of doing 
so without affecting the distribution or colour of the 
light forming the image.: Even here it appears that the 
brightest stars of the sequence have been exposed for 
considerably shorter times than the faintest, and this 
without experimental evidence that the colour sensitiveness 
of the plate is unaffected by altering the length of the 
exposure.+ The very use of the term "colour sensitiveness" 
as applied to the photographic plate is objectionable, 
for it is impossible to define it except, in relation to 
some artificial set of circumstances.: This has evidently 
been realised in framing the following "conclusion adopted" 
at the 1925 meeting of the International Astronomical 
Union: "Il est important que les courbes de sensibilité 
spectrale dour l'ensemble: téléscoöes, plaques, et filtres 
employés our les observations photométriques soient 
déterminées et publiées: It is apparently left to the 
observer to decide what form the results should take, for 
no definition of the term "courbe de sensibilité spectrale' 
is given.' 
There seems little doubt that eventually it will be 
possible to manufacture photographic plates of fixed 
constitution and properties.: Will it then be possible 
*Objective diaphragms were also used, but only after 
it had been found by the aid of the wire gauze screen, 
that the error introduced was negligible. 
*In the discussion by F.H.Seares of the effects of 
varying the exposure time (Af.1/ilson Cont., 4, 2924, P.20) 
the question of colour sensitiveness is omitted. 
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to define conditions under which photographic magnitudes 
should be measured and reduced which would eliminate the 
present. inexact. and arbitrary scheme of applying a colour 
correction to bring the results into harmony with the 
International System ?: The atmosphere certainly intro- 
duces dirficulties; but. no more, it.appears, than might 
as in the case of refraction, be treated by suitable and 
determinate- corrections..: The telescopic absorption might 
be modified by the addition of a colour filter and so 
brought. into line with a standard. The density of the imag 
might be fixed, say, to. the value found in chapter Iv to 
give the maximum absorption for a given flux of light, 
a value low enough to render the spreading of the image and 
the Eberhard effect of little cónsequence, so that the imag 
area would be immaterial.: But if it were found necessary 
to fix a standard exposure time, it would presumably have 
to be made suitable for observations of the faintest 
stars, and would be so long as to prevent its adoption 
in general photometric work.: It is therefore important 
to Know, not only the form of the relation between the 
illumination and the exposure required to produce a given 
effect; but abso the effect. on that. relation of the 
colour of the light. 
It was found very early in the history of photo- 
graphic photometry that the action of the light, on the 
plate is not in accordance with the simple reciprocity 
law, effect oc illumination x exposure time; and the 
actual form of the relation has been the subject of 
much investigation, especially by astronomers.: K.: 
Schwarzschild in particular paid much attention to the 
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question, ani proposed the form 
f(D) = ztp ........I... (5) 
where D is the density, I the illumination, t the expos- 
ure time and p a constant over the region of exposure 
times used in astronomical worn.: He appears to have 
thought at one tima that this quantity had the fixed 
value 0.85; but in the Gottingen Aktinometrie he used the 
value 0.76, remarking that the intermittency of the expo - 
sures. might, account for the small value.: 
In the modern wora.on the subject there are two 
investigations outstanding for their accuracy -and range, 
namely, those by Dr.: E. Kron at Potsdam. Observatory; and 
the as yet incomplete series of investigations by L. A. 
Jones, E.: Huse and V. ú.: Hall at the Kodak Research 
Laboratory:: Though in both cases results relating to 
the effect of wavelength are promised, they have so far 
not been forthcoming.: Kron gives his densities in arbi- 
trary units, from the values found for p they appear to 
be high.: The results from the Kodak laboratories cover 
an enormous range of illuminations. and exposure timas, 
but they are confined to densities. above 0.2 (diffuse). 
Below this density the most recent work is that. by the 
writer, whose observations, over a much more restricted 
range ofilluminations and exposure times, cover the density 
range from 0.01 to 1..5 (specular) .: Within this range the 
effect of the wavelength of the light. has to some extent. 
been dealt, with As. regards density range these three 
independent, investigations. may be taken as complementary, 
Kron's.res.ults being applicable to dense (focussdd).images, 
* Publ. der astrophys. Obs. zu Potsdam, 22, 2913, Nr.67. 
Jour. Opt. Soc. Amer. 7, 2923, p 10 79; 12, 2925, p 319: 
22, 1926, pp. 321, 443. 
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Jones, Huse and Hall's results to intermediate images, 
and the writer's to weak images. The writer has recently 
published a quantitative theory of the deviations from 
the reciprocity law, applicable to low densities, the 
deduced formulae do not appear to be of practical interest 
except in so far as to act as a warning against extra- 
polation from results covering a more limited range of 
exposure times than is required.: In the absence of any 
exact relation what is needed in photometry is a formula 
of simple type giving results of reasonable accuracy, so 
that . in many cases the formula may be used as it stands, 
while in more exacting work it will still be of use, but 
subject to small corrections determined experimentally.: 
or this purpose formula (5 ) cannot be regarded 
as sufficiently accurate, unless the range of exposure 
tima is small. The formula used by J. Halm at the Cape 
Observatory is 
f(D) _ 
_ aIt (6) 
+ i -a 
where i = I /Io, a and Io being plata constants... Balm 
finds his observations to be satisfied by the value 0.25 
for a.: It is. easily deduced from (6.) that 
_ (7) 
s - a tanh(a loge i) 
p being defined as in appendix 1, part I., p.: (167) .: p 
is then always. between the limits. 1f-ä and ? at that 
is to say, between 0.:80 and 1.:33.: These results are in 
good agreement with Kron's.results, from which, in fact,, 
they were deduced.: The results from the Kodak Laboratory 
are also found to be in fair- accordance with a formula 
of the type (6) , but there are many exceptions, especially 
* Appendix i, part V. 
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with slow emulsions. F'ig.lishows some of the results 
































Fig. 11, Comparison of Jones and Hwse's results 
kith Ratm's formula. 
by the formula ( 7) with the value 0._25 for a. 
With few exceptions the high density observations 
show that p is, as (7) indicates, a function of the 
illumination I. At low densities the writer has shown 
that this ceases to be the case, instead, it is found 
that p depends entirely on the duration of the exposure.: 
This leads, as. figs.:12a,, and 12b show, to a difference 
between the relations of p to log I according as the 
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figures show the results in nornal cases - there are 
emulsions for which p depends. only on the exposure time 
over a much larger density range.: 
On the important point of the effect of wavelength 
on the value of p results from the Kodak Laboratory may 
be awaited with interest.: At. present, apart, from some 
results by A.:Hnatek on panchromatic plates* the only 
reliable results published appaar to be those by the 
writer, given in appendix 1, parts II and IV.: They 
show, so far as they go, that so long as the observations 
are made over regions of wavelength to which the plate is 
reasonably sensitive, p is not measurably affected by 
wavelength. (See appendix IV, table 4.:): The only case 
where an undoubted wavelength effect was noted is in the 
green with a panchromatic plate, in agreement with Hnatek's 
results. 
Other factors which have been stated to influence 
the value of p are the extent. to which the development 
is carried out,, the speed of the emulsion and the age 
of the emulsion.. The first, effect is abundantly con- 
firmed - p is higher the shorter the development.: In 
the use of the relation between illumination and exposure 
time it is, -then essential to take precautions in devel- 
opment.: The effect is, however, much less important than 
the corresponding effect on the relation between illum- 
ination and density, as is well shown in figs 1 and 2 of 
Appendix 1, part IV.: If the development is nearly full 
no very elaborate precautions have to be taken.. The 
differences found by Jones and Huse between the forms 
of the relations between p and log I for fast and slow 
*A. Hnatek, Zeits. wiss. Phot., 22, 1923, p 177 
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emulsions shows how dangerous it would be to follow a 
suggestion recently put forward* - namely, to assume 
that fast ant slow plates give results which differ 
only in the units in which the illumination is to be 
expressed. The writer has noticed (Appendix 1, part II, 
p. (175)), a change of 0 with the age of the plate which 
might possibly be a source of error in photometry. 
The very slight dependence of p on the wavelength 
makes the illumination - exposure time relation an alter- 
native to the wire screen as a link between-laboratory 
photometers and stellar observations. In one way it has 
a great advantage over the wire screen. In comparing the 
magnitudes of a bright star and a faint one, the exposures 
with the screen method are all equally long, the length 
being determined by the exposure required Co give accur- 
ately measur:able images of the faint star. With the 
illumination - exposure time relation the faint star 
alone needs a long exposure. The result in an indifferent 
climate especially is increased accuracy.- An example of 
the application of the method is given in the next 
chapter. 
* 11..S..Jones (Ft J.Talmz Trans., Int. ltstron. Union, 2, 
1925, O. 91. 
MEASURES OF THE NORTH POLAR 
PHOTO -VISUAL SEQUENCE 
At the time when the work described in the present 
chapter was started it was hoped to measure the photo - 
visual :magnitudes of perhaps the first eighteen members 
of the Lvorth Polar Sequence, thereby fulfilling conclu- 
sion (2) of Commission (25) of the International Astro- 
nomical Union..* This intention has not been altogether 
abandoned, and in the normal course of events it would 
probably have been carried out more fully._ The diffi- 
culty which arose through the lack of a guiding telescope 
to the 15 -inch refractor of the Royal Observatory, Edin- 
burgh, is one which would normally have been overcome;. 
but at the present time, when important changes are 
being made in the instrumental equipment of the Obser- 
vatory, expenditure of time and money on such an addi- 
tion to the telescope was thought by Professor Sampson 
to be inadvisable.: The measures have, however, been 
carried far enough' to show the feasibility of the method 
employed - a method which in the writer's opinion offers 
the only sound alternative to the wire gauze screen as 
an intermediary between laboratory and stellar photometry.: 
The principle of the method will have been gathered 
from the remarks at the end of the preceeding chapter.: 
The relation between illumination and exposure time for 
the plates and image density used is determined (by the 
laboratory method described on p.:`58) and the exposure. 
* Trams. Int. Astron. Union, '2, 1925, 0. 238 
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time required for a definite effect on the plate is 
determined for each member of the sequence. There is 
an uncertainty introduced by the fact that usually the 
image density will not be uniform; but the error cannot 
be great.: For one emulsion triad the density was imma- 
terial, and though the batch of plates of the sama 
emulsion next obtained -did not give a similar result, 
it was found possible to use for this work two emulsions 
having their density effects opposite in sign. 
In order to eliminate corrections for differential 
atmospheric absorption the stars were compared at timas 
when their altitudes were equal. This did not appear 
likely to lengthen the work appreciably, since the eye - 
end of the telescope is constructed for visual work and 
gives a field only half a degree across, so that all but 
the faintest members of the sequence had to be treated 
individually. As it happened, the weather of the winter 
of 1925 - 26 proved less favourable than usual, with the 
result that no favourable opportunities occurred for 
observations satisfying this condition on certain of the 
brighter members of the sequence. 
The telescope employed, a 15 -inch visual refractor. 
by Sir T..Orubb, was constructed in 1570. The mounting 
is of his usual for - the drive has a small periodic 
error which is inappreciable for stars so near the pole 
as are considered here. The telescope shows a very 
pronounced secondary spectrum and a slight prismatic 
effect which indicates a displacement of one of the 
lenses - the objective, however, has no means of ad- 
justing the lenses either as a whole or singly.: For 
photometry these are not serious defects. On the same 
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mounting is a six -inch visual retractor by Dallmeyer, 
this was found to be too weakly attached to serve for 
guiding, and setting was done by a four -inch finder, 
by which the star could be brought within a millimetre 
of the centre of the field of the 15 -inch refractor, 
which has a focal length of 183 inches. (4.65 metres) 
Tn the absence of a guiding telescope all that 
could be done was to keep the clock running truly to 
sidereal time and to adjust the polar axis as closely 
as possible to the pole. The latter process was carried 
out by the method due to Blazko* which, though simple, 
does not seem to be so well known as it deserves. Trails 
are scoured of three stars whose places are accurately 
known, the declination axis being clamped throughout, 
and the stars being conveniently one at upper culmination, 
one at lower culmination, and one six hours off the meri- 
dian. The three stars must evidently have their decli- 
nations within the range covered by the telescope field, 
and as it happens there are several stars suitably placed 
at just over three degrees from the pole. These are 
AR. Dec. 
h m ° , 
Gr. 2004 6 19 86 45 
Br. 1656. 22 25 86 51 
b CBi. 17 56 86 37 
Br. 2417 17 58 87 o 
Br. 3147 23 28 86 54 
The pair 6 IINi., Br. 2417, is convenient as giving 
the scale of the negative in angular measure.: No correc- 
tions for refraction are necessary, for the polar axis 
must be adjusted to the refracted pole, and differential 
refraction is negligible.: The distances between the 
trails could be measured with an error comparable with 
"Astr. Nach. 1452, s897. 
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the uncertainty of their positions, and the error in the 
position of the axis determined with far greater accur- 
acy (approaching Or.1) than that possible in its adjust- 
ment. After finding the error the telescope was pointed. 
DO Polaris, and the wires of a filar micrometer adjusted 
to show the position of the star when the calculated 
correction to the polar axis should have been male. 
The mounting of the telescope is supported by a 
box -shaped upper casting almost in contact with a fixed 
lower hollow casting to which it is secured by internal 
set screws. The arrangement entails a most awkward 
position for the person handling the screws, who must 
work in the cramped space within the castings.- The 
arrangement of the screws is not geometrical, and soma 
difficulty was found at the start in freeing the castings 
from each other, for they were found in actual contact. 
Originally, the axis was found to be 50" too low, and 
70" too far to the West. After two days spent on adjust- 
ment this was reduced to 2" too high and 29" too far to 
the West.. No certainty in the manipulation of the screws 
was attained, and attempts to improve on this result 
might have taken a considerable time. It was evident 
from the plates that the actual drift of the images was 
at least double the amount calculated from this error, 
a result probably due to flexure, the telescope tube 
being relatively weak. 
On testing a number of emulsions for their speed 
in the green and yellow it was found that in this region 
plates of the most diverse E. and D. speeds gave almost 
identical results - thus, iso- chromatic plates of a 
speed 700 H. and D. gave no better results than 
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Screened or Rapid Chromatic plates with an H. 1 D. speed 
of only 225 to 300.: Since fina grain is an advantage 
the slower plates were used, and Imperial NH. Ortho 
were selected. Since later it was found that a batch of 
Ilford Screened Chromatic plates, the colour sensitiveness 
of which resembled that of the Imperial NH. Ortho, showed 
no variation of p with the density over a very large 
range, a change was made. The plates obtained, however, 
showed a considerable fall of p as the density was increa- 
sed, the first instance of this kind to come under the 
writer's notice.i 
In order to avoid as far as possible the errors 
discussed on chapter I_ the plates.were obtained in a 
larger size than that necessary to cover the exposed 
area. The size was 5 "x4 ", of which the area used was 
no more than 2" x e.z Development was done in an open 
dísn rocked by hand; dish and developer having first 
been brought to the temperature 180 C. The N. plates 
were developed for 5 minutes in Imperial Pyro -Soda, the 
Screened Chromatic for 6 minutes in Ilford Pyro- Soda. 
The filter used was a Wratten K2, the absorption of 
which is stated by the makers to be as follows : - 
Navelength 6000 5200 5100 5000 4900 4800 4700 4600 2 
transmitted 78 74 68 59 44 25 10 1.6 
To avoid the possibility of trouble from dust or slight 
imperfections of the filter, the latter was placed at 
a distance of some two feet from the plate._ Since the 
filter is cemented into plate glass the image is rendered 
more imperfect - this appears to be rather an advantage 
than a drawback, as it renders the density of the image 
more even. The plate was used about 2 mm. inside focus, 
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for the same reason. The shutter used is a hand- operated 
sector shutter with wire release, of the type used for 
mounting in front of a camera lens.. It covered a circle 
of about two inches in diameter, and was mounted close to 
the 'plate. With this shutter the uncertainty in the 
timing of the exposures should not be greater than one - 
tenth of a second.' Moving parts above the plate are 
apt to drop dust on it; but a larger shutter placed above 
the filter proved too slow in action. 
Stars 4 and 5 of the sequence were chosen as standards 
with which the other stars were to be compared, since 
the exposure they require is of the order 20 seconds, the 
smallest which does not involve appreciable errors in 
timing. Star 1 is too large and stars 2 and 3 too far 
from the pole to be useful as standards.. In observing, 
stars are selected which have about the same altitude as 
the standard, and they are brought in turn to the centre 
of the field for exposure close to images of the com- 
parison star. The arrangement of the images of plate 
13, given as a specimen on p.78 are as follows : - 
. 0 
o 0 o 
0 0 o o o 
0 
Star 4 8 
O o o 
o o 
9 5 4 5 9 8 4 
Time i8 210 450 4 
40 30 
450 210 =5 
27 
27 
Any progressive errors of development, lc. along the 
plate are thus indistinguishable from the effects of 
variations of transparency of the sky, and should be 
eliminated over the whole plate.: 
The first step in the reductions is to express 
each star in terms of the log. exposure required by 
it to give the sama result as unit exposure in the 
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standard star.i For this purpose a graduated series of 
exposures is given to the standard, enabling the photo- 
meter deflections to be converted. (most conveniently by 
a separate graph drawn for each plate) into a scale of 
log.. times of exposure to standard.. By this graph all 
the deflections for all the images, those of the standard 
included, are converted to log. times, and a scheme of 
corrections is deduced from the differences between the 
converted and actual log.: times of the standard, taking 
into account both the order and the density of the image. 
To make the process clear the reductions for plates 5 
and 13 are given below. The first column gives the 
number of the star in the North Polar Sequence, the 
second the exposure time in seconds, the third the 
photometer reading of the corresponding image, the 
background being brought to 100.0. The graph by which 
the readings are converted to log. times is deduced from 
all the observations of the standard star on the plate,: 
which may, as in the casa of plate 5, show a considerable 
drift due to change in the atmospheric transparency. 
The corrections for the images of the standard star 
contained in the fifth column are those necessary to 
convert the numbers of the fourth into log10 (16) -, (24), 
or (36) as the case may be, the intermediate corrections 
are deduced from these, and applied to give the numbers 
in the sixth column. 
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Do. cconverted Photometer to,lvg t. scale Corr". 
45.2 1.:209 
28.2 1.375 5 
16.:1 1.541 15 
28.2 1.374 15 
37.8 1.278 22 
52. 2 1.168 36 
31.8 1.334 46 
17. 4 1.:519 36 
35.5 1.298 51 
38.9 1.:268 61 
32._1 1.332 71 
60. 2 1. 125 79 
35. ;8 1. 295 85 
17.:8 1. 512 44 
Do. convert ed 
Photometer to log t scale Corrns. 
61. .2 1.075 4 
45.:1 1. 259 4 
30.0 1.:456 25 
42.2 1.:298 0 
45.2 1. 258 0 
43. .8 1.277 0 
52.0 1.177 2 
60.2 1.088 q 
45. 8 1. 251 4 
31.8 1.434 3 
53.0 1.166 0 
42. 8 1.:290 2 
43.:1 1.286 3 
44.8 1.263 6 
61. 6 1.071 1 
52.2 1.175 8 
46.1 1.249 6 




















The laboratory measures of the quantity p, defined 
in Appendix 1, part I, p.(167) were made as described on 
p.(170) of that appendix, using the camera described 
in chapter VVI (p. :59), together with a gas- filled lamp 
and a K2 filter. Since the value of p was found to be 
independent of wavelength within wide limits the precautions 
to obtain comparable colour of light in the stellar and 
laboratory work need not be excessive.: The comparatively 
small effect of the density on p, unless the density is 
high, makes it possible to use the values obtained from 
uniform images for the stellar images, which, though not 
uniform, were nowhere dense. The effect of density in 
the two cases is seen in the last five rows of table I, 
and the first five rows of table II. The laboratory 
measures were co- terminous with the stellar, and the plates 
were selected at random from the boxes used for the 
stellar work. The only circumstance not exactly parallel 
in stellar and laboratory work was the temperature at the 
time of exposure - advantage was taken of a replacement 
in the Observatory heating apparatus to test the question 
of the dependence of p on the temperature, without find- 
ing any marked effect. 











Values of ' for Imperial KKR. 
Plates, Batch 4915 









1.16 123. 0.944 0.944 
1.11 243. 0.888,0.898 0.893 
0.014 5.5 0.908 0.911 0.977 0.956 0.938 
0.017 12.6 .914 .932 .940 .905 0.923 
0.020 24.6 .884 .931 .928 .939 0.921 
0.020 149. .861 .889 .876 .898 0.881 
0.016 480. ; .845 .:871 .$66 .861 0.861 
0.37 11.2 0.922 0.959 0.980 0.956 0.961 0.956 
0.54 24.8 .950 .957 .919 .938 .932 0.939 
0.56 51.2 .918 .938 .942 .908 0.926 
0.51 110.: .886 .903 . 885 0.891 
0.61 239 .886 0.886 
0. 56 573 .853 .855 .872 0.860 
2.:20 42.;3 1.007 0.979 0.967 0.983 0.983 0.984 
1.41 41.6 0.950 .942 .954 .956 .941 0.949 
0.73 41.2 0.929 .923 R923 .920 .924 0.924 
0.11 41.:2 .928 .922 .938 .924 .914 0.925 
0.016 40.:8 .935 .876 .916 .916 .; 0.911 
81 





Value's of 0 for Ilford 
Plates, Batch ô000F. 
Values of p found 
Screened Chromatic 
Glean p. 
1.61 40.0 0.847 0.853 0.852 0.866 0.855 
1.19 40.4 ..:887 .882 .867 .867 0.877 0.576 
0.52 40.4 .885 .870 .885 .910 0.888 
0.09 41.0 .921 .911 .903 .881 0.904 
0.015 41.1 .914 .910 .894 .915 .920 0.911 
0.24 6.9 0.915 0.972 0.914 0.934 0.933 0.934 
0.33 30.0 .895 .898 .891 .896 .891 0.894 
0.32 134.: .852 .854 0.853 
0.24 290.: .846 0.846 
0.21 615. .844 .847 0.846 
0.037 60.0 0.881 0.881 
0.26 7.4 0.944 0.975 0.920 0.946 
0. 28 80.6 0.888 .922 .920 0.910 
0.26 134.. 0.877 .873 .861 0.870 
0.18 615. 0.873 .853 0.863 
0.24 7.4 0.955 0.923 0.923 0.952 0.938 
0.28 30.6 0.904 .891 .899 0.898 
0.24 134. 0.894 .868 .875 0.879 
0.17 615. 0.846 .840 .843 0.843 
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The formula found to satisfy these observations is 
m = mo + ax - b logecosh x 
where x = log20t /to. On differentiation this gives 
2.5 p= a- b t anh x 
wor the constants the values a = 2,275; b = 0.167 were 
adopted for both emulsions.. or togloto the value 1.87 
was taxen for the N. Ortho plates, and 2.30 for the 
Screened Chromatic plates.. The following shows the 
agreement obtained:- 
TABLE III. Comparison of 
values of p. 
Values of p for INF. Ortho 
plates, density 0.5 
Computed Observed Diff. 
(table I) 
.955 .956 -.201 
.940 .939 #.001 
..928 .925 +.002 
.921 .926 -.005 
.899 .891 +.003 
.879 .886 -.007 
.863 .860 +.003 
computed and observed 
Values of p for Screened 
Chromatic plates, density 
0.8 




a n s )
r 
.938 .939 -.001 
.898 .901 -.003 
.865 ..867 -.002 
.851 .851 .000 
Of the twenty plates which comprise the stellar 
material ten contain the observations on stars requiring 
upwards of ten minutes exposure.. Those images which 
were given exposures exceeding twenty minutes are ob- 
viously elongated, and it was thought advisable to 
reject all over ten minutes.. Three other plates were 
rejected for wide and irregular variations, presumably 
in atmospheric transparency.. The observations on the 








Observat.ions of stars betxeen 4th ana 
9th magnitudes. 
Equiv. Eynul_ No. of Difference of Góg. exposures magnitude 
tame 'si co»ip d l sstar Sar . Obs . Intl. 
2s 1.602 4 1..396 Na'. ; 2 0.481 0.46 
3r : 2. 079 " 1...315 ;. " 2 9 1. 759 1. 73 
7 2.079 " 1.349 IT 1.679 1.71 
8 2.:176 5 1. 470 NF. 2 
9 
1.611 1.68 
9 2.'477 " 1.450 11 2 2.321 2.33 
7 1.872 5 1.451 2 0.972 1.'10 
10 2.556 " 1.420 " 2 2.564 2.61 
1 0.699 4 1.305 SC. 6 -1.408 -1.47 
3 2.'255 IT 1. 214 " 1 
9 
2, $04 2. ;29 
9 2.556 If 1.:182 " 2 3.021 2.99 
4r 2.'330 " 1.313 " 1 2.344 2.43 
1 0.:699 4 1.:308 SC._ 6 -1.414 -1.;47 
8 2.255 " 1.219 " '1 
9 
2.290- 2.29 
9 2.556 " 1.153 IT 2 3.087 2.99 
4r 2.431 it 1.;376 " 1 2.'313- 2.43 
8 2. 322 4 1.284 5.: 2 2.285 2. ;29 
9 2.;653 " 1.274 " 2 10 
3.016 2.99 
5 1.477 it 1.171 " 2 0.:695 0.61 
5 1. 832 " 1.:285 IT 2 0.713 0.61 
2r 1.301 5 1.319 SC. 6 10 
-0. 041 -0.13 
2r 1.301 TI 1.333 " 5 -0.073 -0.13 
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In view of the small number of observations a 
solution by least squares may be replaced by the 
following simple proceedure.i The observations may be 
reduced to one scale by the use of the value for the 
magnitude interval between stars 4 and 5. For this 
interval the following observations are available in 
the above table:- 
t. Enul- 
:sion 
Through star 7 0.701 1 NF, 
n 8 ..'...' 0.682 2 NF 
0. 720 2 NF SC.: g ........ 
Direct ............... 0.704 3 SC. 
Weighted mean .. áe703 
Taking the magnitude of the star 4 as 5.333, the 










Ob sd. Interi, 
4.'389 4.37 

















Except in the case of the red stars the agreement 
is satisfactory. It speaks well for the method to find 
no sign of any systematic difference between the results 
for the two very different emulsions used, in spite of 
the fact that only one constant in the reduction formula 
had different values for the two emulsions. with a 
guiding telescope there would be no difficulty in exten- 
ding the observations to the 12th magnitude or even 
fainter, though not many nights would be found suitable 
for the exposures required.; In addition to a guiding 
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telescope some form of rapid motion in right ascension 
which could be worked from its ere -end is necessary for 
rapid work near the pole - the absence of such a motion 
necessitated a series of trials at each setting and made 
the work slow and laborious.: 
VI.: THE INFLUENCE OF WAVELENGTH ON 
DENSITY GROWTH 
In the year 1889, that is to say, in the year pre- 
vious to the appearance of the Hurter and Driffield 
system of sensitometry, Sir William Abney was expressing 
the growth of density of a photographic plate by the 
formula 
D = K(log E/E0)2 (1) 
D being the density and E the exposure (the product of 
illumination and duration) and K and E0 plate constants.: 
Although the work of Hurter and Driffield established 
the use of the formula 
D = y log Eli (2) 
in sensitometry, it was in no way because of its accur- 
acy as a representation of the actual growth of density 
with exposure. In the low density region, in fact, 
formula (2) -fails altogether, and from the point of 
view of photometry, where such considerations as the 
preservation of the contrasts in the objects photo- 
graphed do not enter and accuracy is important, formula 
(1) is in general to be preferred.: 
Since attention was recently drawn* to the fact that 
no theoretical foundation has been proposed for Abney's 
formula, the following ideas,, leading inter alga to 
Abney's formula, may be of interest. As will be seen, 
no attempt is made at a rigorous.treatment; any such 
attempt appears. to be doomed to result in formulae so 
* F.E.Ross, "The Physics of the Developed Photographic 
Image, Eastman Kodak Co., Nem York, 1924, 0.49 
involved and depending on so many factors as to be 
useless in practice.: 
Those grains of a photographic emulsion which lie 
beneath the surface will receive only that portion of 
the light, which has not been absorbed by the surface 
grains, hence during an exposure to a uniform illum- 
ination we may consider: the emulsion divided into a 
number of strata, the grains of any one stratum being 
equally illuminated.: Consider now the result of suppos- 
ing that each stratum separately obeys the formula (2) 
from the point at which the effect commences up to the 
point at which all the grains ar :e developable, when no 
further action is supposed to take place.: The result is 
shown in fig.: 1, by the broken line A.: To see the effect 
A 
tog : r 
og l E 
Fig. 1. Effect of combining two similar strata. 
of increasing the number of grains in the stratum., sup- 
pose the number to be doubled.: The effect, will be the 
same as if two similar strata were fused into one;. D 
will be doubled throughout., and the resulting stratum 
will obey the same law as the first, the value of y and 
the maximum density being doubled, while the projection 
of the sloping portion of the curve on the log E axis . 
remains unaffected.: (Fig.: 1, B.) It appears, then, that 
in a single stratum Dmax, the upper limit, of density, is 
proportional to y . 
Suppose next that. the emulsion is made up of a number 
n of exactly similar strata, superposed one on another, 
and that during the exposure each transmits a fraction e 
of the light incident upon it.: The elementary curves of 
the type A (fig.: 1) will then be displaced one after the 
log "E 
log i 
Fig. 2. AOPlication to the case of a thick 
emulsion. 
other along the log E axis by amounts - Log B, and the 
fraction of the incident light transmitted by the whole 
emulsion at the. time of exposure i.s.en,while the maximum 
density after development. is nly, L being the constant 
projection of the sloping part of each elementary curve 
on the log E axis.: The density of the whole emulsion 
corresponding to a given value of E is. the sum of the 
densities of its components for that exposure (fig,2) 
hence at the point where the (r +i)th stratum begins to 
be affected the density is. 
D = - 
r jr s log B 2 y g 
If then n is supposed increased without limit, under 
such conditions as to leave the maximum density and the 
fraction of light. transmitted by the emulsion during 
exposure finite, the equation for the initial portion 
of the "characteristic curve" of the complete emulsion 
will be, putting log E = log i - r Log e 









where 6 is trie "density" of the emulsion in its ore - 
development state, and D 
na a x 
the maximum density of the 
Complete emulsion.: Following this parabolic portion of 
the curve there will be a straight portion (unless l = 0, 
when it vanishes) the slope or gamma of which is either 
Dmax /l or Dmax /0, according as t is greater or less than 
0 . Owing to the neglect of reversal the remaining por- 
tion of the theoretical curve is of no practical interest. 
The conception of the emulsion as made up of similar 
strata each separately obeying the formula (2) leads then 
to the expression the constant K of Abney's 
formula (1), and to. one or other of the expressions 
Dmax / l Dmax /0, for the value of gamma.; The density 6 
of the emulsion before development may of course be meas- 
ured, and the value of t deduced by noticing that, the 
projection on the Log E axis of that part of the curve 
lying between the vertex of the parabolic initial portion 
and a point half -way up the straight, part is the arith- 
metic mean of- l and b. The results are actually of the 
right order - numerical agreement, however, is scarcely 
to be looxed fora The value of the results lies in what 
they suggest is the influence of -the quantity 0 on den- 
sity growth, for it appears to be through this quantity 
that any effect of wavelength on the shape,of :the charag- 
teristic curve enters.. 
It is suggested, then, rather than shown, that the 
quantity E in Abney's formula is inversely proportional 
to m, the density of- the emulsion before development, 
and depends therefore on the wavelength; that some 
emulsions. have gammas independent of the wavelength 
while for others the gammas are inversely proportional 
to this same quantity c), and that the distinction be- 
tween the two is largely a question of thickness, It 
is quite possible - perhaps probable - that over one 
region of wavelength an emulsion may be in the former 
class while in another region it. falls into the latter.: 
It seems worthy of consideration whether the apparently 
contradictory results which have been obtained experi- 
mentally for the effect of wavelength on gamma may be 
reconciled by including emulsion thickness as an impor- 
tant.factor in the problem. 
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(APPENDIX 3 
CONVENIENT PHOTO -ELECTRIC PHOTOMETER AND 
ENSITOMETER. BY E. A. BAKER, B.Sc., Royal Observatory, Edinburgh. 
[MS. received, 3oth May, 1924.} 
STRACT. A short period electrometer is described which has an exceptionally long scale and 
es readings proportional to the ratio of two potentials. It is applied in the construction of a 
oto- electric photometer and a photo -electric densitometer, both instruments being independent 
battery variations. 
sensitivity and quickness of action of a photo -electric cell as a photometer are best 
lized by using it in connection with a short -period electrometer and high resistance. Most 
angements of this kind require a very steady high potential battery, but by using the 
ctrometer described below the readings are unaffected by small variations in the high 
tential, which may therefore be derived from small dry cells or from a dynamo. The 
ctrometer, which was developed from a double plate electrometer shown to the author 
Dr R. T. Beatty *, has the further advantage of an exceptionally long scale of 50o divisions 
more. 
Two vertical brass plates, one earthed, the other insulated, are mounted on a horizontal 
de movable by a fine -pitched screw with micrometer head. A Wollaston wire is fixed 
its upper end to an insulated support and hangs between the plates, its lower end being 
served in a microscope with cross -wires. When wire and plates are all earthed the cross- 
es are adjusted to coincide with the image of the wire. In use the wire is charged to a 
tential of the order of ioo volts, the insulated plate is charged to the potential to be 
asured, and the micrometer screw is turned until the image is again on the cross -wires. 
The micrometer reading is evidently independent of the elastic constants of the wire 
d of gravity and therefore depends only on the distance between the plates, and on the 
tentials of the charged plate and wire. It follows from the physical dimensions of these 
* See Phil. Mag. 14 (1907) 6o6. 
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quantities that it is proportional to the plate distance and depends only on the ratio 
of 
two potentials, to which it is in fact also proportional. 
The plate distance is conveniently made variable, as in Fig. i . Here the plates 
A 
between which the wire B hangs, are carried by amber insulators C, C set in the lugs 
nuts D, D with right- and left -hand threads on a spindle E which can be turned by ¡¡Ilse 
a screw- driver in the hole on the right. The spindle is pressed by a spring F 
against 
micrometer screw G on the left; a loose pin H between them prevents the screw fromtu 
the spindle. A weak spring K between the nuts takes up backlash and a guide rod Lbe, 
the spindle keeps the nuts upright. The author uses a platinum wire 4 cm. long and 7µ 
between plates io mm. apart: a i inch objective is sufficient to realize the full accuracf, 
a micrometer screw reading by estimation to i µ, and, since the wire follows almost 
It 
mediately any motion of the screw, readings to this accuracy can be made in two ort 
seconds. The wire is stable if it is kept near its cross -wires by the screw and has a conside 
able range of stability on each side, but where large sudden deflections are likely to o 
'i,,. 
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Fig. 1. Vertical Section of Electrometer 
it is preferable to fix both ends of the wire and to observe its middle point as in a t 
electrometer. 
The instrument is shown connected to a photo -electric cell in Fig. 2. The cell A, of 
cylindrical type described by Dr Beatty *, has its cathode surface connected to a batted 
to the Wollaston wire B of the electrometer. Its anode C is connected by the flexible wire 
to the insulated plate and also through a high resistance R to earth; the guard ring Go( 
cell and the positive pole of the battery are also earthed. The readings, depending on 
ratio of the plate and wire potentials, will be independent of the value of the battery poten 
if the photo -electric cell obeys Ohm's law. Though this is not true in general, there is 
every gas -filled cell a range of voltage over which the law is very approximately oben 
and by adjusting the pressure of gas in the cell the centre of this range may be fixed at 
point from a few volts up to several hundred volts. 
The sensitivity of the instrument depends on the value of the high resistance. Foro 
where the highest sensitivity was not required a resistance of about io9 ohms, consisting 
a fine lead pencil line on ebonite, was used. This type of high resistance is easily made 
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f opears to be reliable. For densitometry and for absorption measurements, however, the 
;lrresistance 
is best replaced by a second photo- electric cell illuminated directly by the light 
4, urce used for the measures, 
since variations of the light source are then eliminated *. It is 
ßßs, eferable 
to avoid very low potentials over this second cell since for potentials below 
jvolt its voltage-current relation is complicated and the final calibration is troublesome. The 

















Fig. 2. Electrometer connected to Photo -electric Cell 
medium, but directly through a second window by the same light source, and by charging 
the electrometer plate which was formerly earthed to, say, 5 volts by a potential divider from 
the battery. A densitometer of this construction may be made sufficiently independent of 
he battery potential for use on a direct current supply from a dynamo, while the sensitivity 
n be varied within wide limits by adjusting the illumination of the low potential cell. 
or example, with a xoo -Iio volt supply and a Pointolite lamp, it is possible to obtain 
ensity readings in two or three seconds using an area of a photographic plate not more than 
nom. by 02 mm. 
* Cf. P. P. Koch, Ann. d. Phys. 39 (1012) 705. 
APPENDIX 4.: - THE KOCH PHOTOMETER OF THE ROYAL 
OBSERVATORY, EDIN3URv3.: 
In view of the rapidly spreading usa of electrical 
methods of measuring photographed spectra the following 
description of -the Koch pattern microphotometer *set up 
a few years ago at the Royal Observatory, Edinburgh, 
may be of use to those who contemplate the installation 
of a device of that nature.: The requirements in differ- 
ent lines of worK are so varied that the instruments on 
the market are not always satisfactory for a particular 
purpose.; The one to be described, for instance, was 
designed for photometric work on stellar spectra and not 
for great accuracy in measurement. of positions of lines; 
and seeing that a large number of spectra had to be dealt 
with, each of considerable length, it was desirable that 
the instrument should run with the minimum of attention.: 
In this respect the Koch photometer, which is independent 
of fluctuations in the light source, has a manifest ad- 
vantage over thermo- electric recording instruments.: 
The complete instrument (plate 1) consists of the 
following separate parts.: - 
1.: The measuring machine, carrying the plate, slit 
and optical parts.: 
2.: The electrometer and cells.: 
3.: The lamp.: 
4.; The recording camera.: 
together with auxiliary apparatus. - driving motor, 
batteries, switchboard, &c.: 
The measuring machine, a superseded instrument from 
the Observatory store, is a well -designed machine for 
the date (about 1380) of its. manufacture;. but the pitch 
of the screw, which has. 50 threads to the inch, is too 






























small for the weight of the moving parts, which, like the 
remainder of the machine, are very heavily made.: The 
moving carriage, which weighs about 25 lbs.:, has a feature 
which is almost essential for rapid work on narrow spec- 
tra, namely, a well made rotating table with clamp and 
slow motion, above which the plate table - proper is 
carried on a cross slide.: The vertical plane in which 
the axis of rotation moves passes through the axis of 
the beam of light by which the deposit is measured, as 
shown in the end -on view (plate 2) and for a certain 
position of the carriage the two axes.coinoiie.- In this 
position of the carriage one end of the spectrum is 
brought, over the beam of light by the centering screws 
of the cross -slide; when evidently a small rotation of- 
the table will produce no appreciable effect on the beam 
of light.: The carriage is then moved until the other end 
of the spectrum is near the beam, when it is brought 
central by rotating the table.: The movements of the 
electrometer thread furnish a very precise guide to the 
centering.: In most laboratory work on spectra exact 
adjustments of this kind would be unnecessary; but in 
this instance the spectra are little more than half -a 
millimeter wide, while for photometry the light beam 
must be wholly within the spectrum, and for the maximum 
resolving power must cover as much of the width as 
possible.: 
The chief error to be feared in designing the opti- 
cal system is the effect of light scattered from regions 
of the plate outside the direct course of the beam.: An 
error of this kind was present. in the original Hartmann 
mieraphotometer; and to avoid it as much of the plate 
as possible should be shielded from light.: The incident 
beam was therefore made to pass through a narrow slit 
* Schwarzschild and Villiger, Ap. J. 23, 1906, p. 286; 
Tugwan, Ap. J. 42, 1915, p. 326. 
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placed below and almost in contact with the emulsion of 
the plate,: the distance between the two being less than 
one -tenth of a millimeter.: This necessitated very care - 
ful construction of the plate table in order to preserve 
this distance over the whole of the run of the screw, 
which is five inches; but was found to give such resol- 
ving power as to make an enlarged image and second slit 
quite unnecessary.: The instrument, in fact, ie capable 
of resolving the grain of any but wet plates, even a 
process plate showing considerable grain when the slit 
is reduced to 0.:5mmx 3.005mm, an aperture at which the 
photometer is not unduly sluggish.: The slit is firmly 
supported on castings fixed to the base, and is mounted 
on a rotating base to allow it to be adjusted to the 
varying inclinations of the lines found in objective 
prism spectra.: A little practice enables this incli- 
nation to be estimated at a glance to within two degrees, 
an accuracy which is ample with such narrow spectra.: 
To do a variety of work in an efficient manner one 
optical system is not, sufficient..: Narrow spectra require 
a concentrated beam of light and a short slit; whereas 
spectra taken with a concave grating are naturally wide, 
owing to the astigmatism of the grating, and the greatest 
resolving power is obtained with a long slit.: The 
arrangement used for stellar spectra is shown in fig.1 ; 
for solar spectra the lens of the condenser is replaced 
by a cylindrical lens having its. focal lines, one at 
the plats, the other at the cell window.: By this means 
a slit 10mm.: long can be used.: The lamp is a 100- c.p.: 
Pointolite (fixed focus. type), which beside furnishing 
the measuring beams acts as a projection ?.:-.`gip for the 
electrometer thread, using a concave mirror in place of 
a condenser.: The arrangement, apart from its convenience 
and economy, has the advantage of leaving an indication 
oñ the record if any serious. alteration in the strength 
of the light occurs.: 
4 
The electrometer is the Cambridge Instrument Co's 
"Laby" pattern, which though now apparently obsolete 
has some advantages. for this purpose, for it is very 
rigid, and the adjustments of the microscope and thread 
tension leave nothing to be desired.: Its fault lay in 
tae casing.: The microscope and the levar supporting the 
lower end of the thread pass through holes in the case 
wide enough to allow of sida motion, it was consequently 
impossible to keep the interior dry and free from draughts.. 
The case was therefore re- designed, the holes being 
replaced by short tubes. connected to the moving parts by 
thin pliable rubber tubing.: (Suitable tubing is soli in 
the form of grips for the handles of golf clubs) Ths 
quartz insulators_ of the thread were replaced by amber, 
and the silvered quartz fibres abandoned in favour of 
the more durable platinum Wollaston wire, 7p thick.: 
The projection system consists of a Leitz No. 3 objective 
ani in place of an eyepiece, a Barlow (achromatic con- 
cave) lens, the combination covering a field eight inches 
across at a distance of two feet from the lens. The 
sensitiveness. is limited by the lack of constancy of the 
battery.: No. appreciable shift. of the zero Must occur 
during the ten minutes or so occupied by a record - this 
limits the sensitiveness used to about 20 mm. per volt.: 
The speed of working with the Koch photometer is 
largely influenced by the capacity. of the insulated 
system - in this respect the writer has been able to 
improve considerably on the figures quoted by Koch 
(35 cm.) and Goos (60 cm.) -by constructing cells of 
a cylindrical type having a vary low capacity, and by 
using, as shown in fig.2,the central electrode as the 
cathode of. the low potential cell.: The electrical 
connections are in other ways similar to those of Koch's 
original instrument.: The capacity was tested by two 
methods, one involving direct comparison with an in- 
sulated ball, the other reducing a measured light 
current in a known ratio until it was small enough to 
5 
allow the rats of charge of the thread to be measurad. 
The result in both cases was in the neighbourhood of 
15 cm.: The cells are of potassium, sensitised and 
filled with helium, which gives a sparring potential 
of about 155 volts. 
The bromide papar camera, another piece of appar- 
atus discarded and in store, takes continuous rolls of 
paper 30 feet long and of any width up to nine inches.: 
Its elocr was replaced by a gear having two wheels 
detachable and interchangeable.: Two sets. of wheels 
give therefore four speeds, which are arranged to give 
linear magnifications of about 2.5, 5, 10, and 20 times 
the original spectrum.: The wheels must be accurately 
out and fitted, with diagonal teeth, or the accuracy of 
the drive is much impaired.: A worm drive is preferable;. 
but the accuracy obtained from the records is fully as 
good as the accuracy of the present, screw warrants, that 
is to say, it is within a few p on the original negative, 
when the highest magnification is used. The drive, as 
plats I shows, is taken directly from the worm wheel of 
the maohide by a shaft with universal couplings.: 
As first set up the instrument had the disadvantage 
of a very-crowded scale at the low density end, and the 
deflections, though approximately proportional to the 
square of the transparency of the negative, needed close 
calibration if they were to. be converted into transparen- 
cies. This peculiarity of. the Koch instrument is in 
some cases, as for instance in measuring the absorptions 
of stellar images, an advantage; in this case it served 
merely to render more prominent the grain of the plate.: 
A subsidiary lighting was therefore introduced, a new 
cell with two windows having been constructed for the 
purpose, and the anode of the low potential cell charged 
to about 6 volts, as shown in fig$1.8 2. 'The effect is to 
use a part of the voltage -current relation of this cell 
at a point where it is nearly linear, so giving a close 
approximation to an evenly divided scale of transparencies. 
6 
For some negatives the denser parts were still too 
closed in, hence a neatral- tinted glass transmitting 
about one -third of the light was introduced into tue 
beam, mounted on a "gate" so that by the touch of a 
lever it could be removed or re- inserted. Whe the 
deflection exceeds about 73% of the scale the removal 
of the glass allows the densities above 0..5 to be re- 
corded on a scale which gives easily measurable results 
up to densities of 1.5.: The great sensitiveness of the 
Koch photometer , which allowed of this sacrifice of two - 
thirds of the light, is noteworthy - the period being 
lengthened to just over one second, that is to say, it 
remains shorter than that of the best therio- elactric 
instrument. 
The chief error in Koch's.original instrument was 
a rise in the deflection following prolonged illumination.: 
The cause of this rise has bean investigated since;- but 
at the time the instrument was constructed the iivesti- 
gations. had either not appeared or were not accessible.: 
Studies made by the writer at the time showed that the 
rise was of the nature of a lowering of the sparking 
potential caused by and depending on boththe magnitude 
of the current passed and its duration, and that an 
additional cause of- trouble in the early cells was due 
to the large area of window surface.: This led to the use 
of cells of small capacity to allow of smaller currents 
and to their use at lower voltages where the variation of 
the sparring potential is of less moment. The area of 
window surface was reduced to a few square millimetres. 
The success of these measures. is shown in the following 
comparison with Koch's results_ - 
Time from commencement. of exposure (seconds); 
Edinburgk o 2 5 
io 30 6o 
instrument 3.3 98.9 98,0 98.1 98.2 98.3 
Cf. Koch 69.2 - 19.3 17.8 16.3 15::5 
7 
A further error in Koch's instrument, though appar- 
ently similar, is not so easily eli;minated.. It takes the 
form of a movement of the zero for a short time after the 
illumination is cut off the high potential cell, and must 
be due to a dare current in that cell. fig 3 shows a 
record of tue effect, in tais case the total motion is 
1.3 mm. in a deflection of 100 mn, whereas Koch found a 
movement of 0.9 mm in a deflection of 55 mm. This effect 
is practically absent from vacuum cells.i The record of 
fig.3 gives a good idea of the speed of the instrument, 
and shows also the existence of anotner defect, an irreg- 
ular slow to and fro motion fo the thread when the cell 
is illuminated. This is due to battery variations, and 
is usually masked by the grain of the plate in records 
of stellar spectra. As the figure shows, it is not always 
present. 
The 'h position of equilibrium of the thread depends on 
the equality of the currents in the cells, and since in 
the cells used the current is very closely proportional 
to the illumination it might be expected that the compen- 
sation bor variations in the illuminant would be almest - 
perfect. The colour of the light, however, changes with 
the current through the lamp, and two cells having exactly 
the same colour sensitiveness are not easily made; in 
addition, the colour sensitiveness depends also on the 
potential on the cell. Fig.4 shows the effect of a large 
change in the lamp current - from 1.45 amps. to 1.15 amps., 
which, though dividing the cell currents by four, changes 
the deflection by only two per cent. A similar result 
would. arise from defective insulation, but the use of 
amber thread supports and a sealing -wax coat at the point 
where the central electrode of the cell emerges are 
sufficient to make any such effect completely negligible. 
A simple arrangement causes the instrument to ring 
a warning bell at the completion of a record, and to out 
off the motor current. 
8 
In addition to its use for photometry the instru- 
ment may also be used for position measures of hazy 
spectral lines.: The measures may be made either on 
a record taken in the usual way, or, better, by moving 
the screw by. hand, and reading its l.ïvided circle when 
th3 thread image passes certain points (each tenth 
division, say) of the scale.: As the spectral line 
passes over the slit the thread moves along the scale, 
reaches a maximum at the centre of the line, and then 
re- traces its path.: It is possible to read the posi- 
tion of the maximum with considerable accuracy, but in 
the case of symmetrical lines much greater precision is 
obtained by using the mean of two positions of equal 
density on either side of this maximum, where the 
thread may be moving perhaps two divisions for each 1 
moved by the negative. For this method of using the 
instrument it was found convenient (1) to reflect the 
image of the thread on to a scale placed immediately 
above the divided circle of the screw; (2) to have 
mounted on the carriage a negative similar to that 
to be measured, viewed by a microscope fixed to the 
base of the instrument, and with the lines to be 
measured Marked on it; and (3) to use as high a speed 
of action of the thread as possible.: A period of one 
second is too long for rapid work - the thread must 
follow practically at once the movement of the screw, 
and it is desirable to have a period not greater than 
one -fifth of a second.: With these arrangements the 
readings may be made as fast as they can be copied down 
by an assistant. 
Instances of work where the great accuracy of setting 
obtainable by the photometric method is of real value 
have as yet not presented themselves.. There appeared 
to be a cromisin5 field in the case of plates taken 
in the third. order of a 21-, ft.:- Rowland grating spectro- 
.a 
graph for the purpose of determining the solar rotation 
by the Doppler method.: In this case the comparison lines 
are atmospheric absorption lines in the same spectrum, 
so that the complications introduced by the usual com- 
parison spectrum do not arise. In tasse spectra, which 
are taaen by,ir..J.Storey in the course of his work on 
the subject; tue solar lines in particular are broad, 
and it is only by long practice that consistent settings 
on them can be made by eye to within 10Jc.: In the readings 
given below it should be noticed that since the slit is 
not more than 30/2 broad each reading refers to a independ- 









Typical atmospheric line 
Approaching Receding Sum 
r r 
20 0.300 0.907 1.207 0.610 0.972 1.612 
30 .363 .333 .201 .573 .937 .615 
40 .413 .:785 .193 .306 .911 .517 
50 .458 .743 .193 .733 .387 .617 
6o .503 .592 .195 .756 .861 .617 
Since the above sums giving the positions of the linee 
have to be divided by a factor of about four to reduce 
them to millimetres it is evident that settings are 
easily made to within 1p by this method. The error due 
to the departure of the plats from a true plane, coupled 
with the tilt necessary in the Littrow type of mounting, 
is however responsible for line shifts of the order of 
5, * "so that actually the gain in accuracy is small.: The 
only systematic difference traced between aye and photo- 
meter measures was in the case of the line 6310.101 
attributed to Oxygen (atmospheric) -which was shown by 
the photometer to be compound,: having a weak solar line 
almost coinciding with it. 
Nonthlj Not-iaes,i .A.s.-(t,19(i, -p,674 
* *See Eagle, Astrophys. Jour. 3i »9 o,-p 136. 
l0 
Experience of position measures of this nature have 
led the writer to believe that it is undesirable to 
record spectra with an arrangement giving large linear 
magnification. The true field of the photometer is in 
translating the density differences of the negative into 
the more easily measured differences in the position 
of the thread, but the actual measurement is the province 
of the measuring machine.; Mechanical methods of magni- 
fication are Usually inferior to optical methods, which 
may be applied before the record is made, and there seems 
no object in recording a negative unless its features are 
too hazy to be measured by eye.- given a negative of this 
kind, the record (in the writer's opinion) should be made 
on a plate fixed to the same moving carriage as the neg- 
ative. This at once removes the errors of the recording 
screw, and allows the full length of the negative to be 
recorded for subsequent measurement on an accurate 
machine, which will in all probability be available in 
any establishment requiring records of this nature. The 
expense of accurate mechanical parts in the photometer 
is avoided, and features may be compared which are 
well separated on the negative without the neoessïty for 
step -by -step methods of bridging the difference, for it 
is obvious that with a magnification of 20x not more than 
one inch of t!ie negative can be included on a single 
record. The sole difficulty is in producing an image 
of the thread sufficiently well defined for the purpose, 
and this appears to be merely a matter of suitable 
optical parts. 
Other improvements whicb aay be suggested for 
position work are the use of vacuum (preferably Sodium) 
cells in place of gas- filled cells, and of a sensitive 
electrometer with one plate of low capacity, so that the 
thread may be charged to a high potential and this plate 
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XV. -The Law of Blackening of the Photographic Plate at Low 
Densities. By E. A. Baker, B.Sc. Communicated by Professor 
R. A. SAMPSON, F.R.S. 
(MS. received January 12, 1925. Read January 12, 1925.) 
I. PLAN OF THE INVESTIGATION. 
THE following paper is ancillary to certain investigations in stellar photo- 
metry which are in progress at the Royal Observatory, Edinburgh, and 
require the establishment of data relating to the blackening of the plates 
employed. It describes the laboratory work carried out for this purpose, 
generally over the very restricted range of exposure times and densities 
used in the stellar work, but occasionally extended to cover a wider field. 
The conditions are chosen in order to give the maximum accuracy and 
range to the stellar work and not with a view to highly accurate laboratory 
work ; on the other hand, the periodical change of emulsion which must 
occur in any lengthy investigation introduces an element which, of 
considerable interest, is lacking in most of the published work on the 
subject. The plates used are Ilford Special Rapid Panchromatic, Imperial 
" B " Panchromatic, and Wellington Spectrum Panchromatic, all rapid 
panchromatic plates differing little in speed and having a sharp fall in 
sensitiveness at 660 pµ. The stellar negatives cover a range of density from 
0.05 to 1.0 and of wave -length from 380 pp, to 660 µµ; and though their 
exposures range from a minute to an hour or more, yet in consequence of 
the small width of the image which is trailed over the plate the actual 
exposure time of any particular region of the plate is only one -twentieth 
of the total exposure time. 
I would refer first to the method employed by Professor Sampson in 
the above investigations, as it determines the notation and to some 
extent the treatment that follows. Assuming a uniform emulsion and 
constant working conditions, the four quantities concerned are the 
illumination I of the plate, its wave -length A, the duration t of the 
exposure and the resulting density D. In a preliminary paper * Professor 
Sampson made certain assumptions as to the relation between these four 
quantities; but in his later work l- he makes no such assumptions, using 
* R. A. Sampson, Monthly Notices R.A.S., 83, 1923, p. 174. 
t Ibid., 85, 1925, p. 212. 
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the perfectly general expansion of log I in terms of two quantities 0 
and T, thus :- 
logro IIIo = aO + bT + íc02 + dAT + ¡eT2 + . . . . (1) 
where 0 is a function of D only, T = logro t, and Io and the coefficients 
a b, a ... are functions of the wave -length A. As Professor Sampson 
points out, if A is replaced by D the first two terms of the expansion (1) 
give Hurter and Driffield's formula as modified by Schwarzschild. The 
form chosen for A in this paper is logro (10D - 1) or logro (O - 1) where O is 
the opacity ; this approaches D so rapidly that above unity A and D are 
practically interchangeable. As so defined, A is zero at about the middle 
of its range. A similar result is secured for T by choosing the unit of 
time as 30 seconds. 
To arrive at definite values for the coefficients in (1), the quantity Io 
which is not required is eliminated by differentiation and two quantities 
p, q are introduced, defined by the equations 
alt- b dO - eT - ... p (g; 
I 
q= +(ló I)- a +cA +dT+ ... j (2) 
It will be noticed that p is identical with Schwarzschild's index, while over 
a higher density range the gamma of the plate, taken as usual with 
reference to the exposure time, is given by By plotting p and q, first 
against 0 for T = O (i.e. for 30 seconds' exposure time) and then against T 
for A= 0, curves are obtained which, in so far as they can be regarded as 
straight lines, give the coefficients in (1) as far as those of the second degree 
terms, and indicate by their departures from straight lines the magnitudes . 
of the higher terms of the expansion. When this process had been carried 
out for several batches of plates it became clear that the coefficient d is 
small, and generally that the terms of (1), involving both A and T, are 
negligible in the stellar work; but that for some emulsions and wave- 
lengths higher powers of A than the second are needed to express the 
results with accuracy. Accordingly Professor Sampson works with a 
formula equivalent to 
log I /I0 = 0(a, D) + ¢(X, T) . (3) 
and showed that by his method of reduction the term involving T is 
eliminated to a remarkable extent, completely, in fact, if that term can be 
put in the form 
4)(a, T) = A(A) + B(T) + XC(T). 
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This is equivalent to the condition that, for any value of T within the 
range used, the relation between p and X is linear. It is then possible to 
put the numerical results as far as they are required for application to the 
stellar spectra in the form of curves connecting log I with the deflection of 
the Koch photometer by which the spectra are recorded, so eliminating all 
reference to 0 or D. In what follows, however, no presupposition is made 
as to the special value of d or any other coefficient. 
The measurement of p and q thus involves varying the time, the 
illumination, and the value of (0 -1) in known ratios. An accuracy of 
1 per cent. is aimed at, hence the measurement of time -ratios involves no 
difficulties, at any rate for times over ten seconds. In this work it is more 
important to have a continuous and well -defined scale of opacities than one 
which is theoretically correct, and the scale used is to some extent arbi- 
FiG. 1.- Section of camera. 
trary though closely approximating to the theoretical scale of " opacities 
in parallel light." It is obtained by throwing a beam of light of fixed 
relative aperture (f : 6) on to the plate and measuring, by a photo -electric 
cell, that portion of the light emerging within an equal relative aperture. 
Illumination ratios are measured by superposing two nearly equal 
illuminations, so giving an illumination double the mean of the separate 
illuminations. The practical difficulties involved in this fundamental 
method are very slight compared, for instance, with the elaborate screening 
arrangements required for the inverse square law method and the difficulty 
of realising a point source ; while the illumination ratio 2 :1 is specially 
appropriate to the present work, for it is sufficient to allow of accurate 
measures and yet so small that the variations of p and q over the corre- 
sponding differences of T and 0 are insensible. 
The camera used is shown in fig. 1. It consists of a light -tight box 
about 20 inches long by 9 inches square, with two similar lens -prism 
systems A, B designed to throw two beams of light from the lamp L 
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towards the plate E. A hand shutter S covers or exposes both lenses ; 
but either beam may be occulted by substituting a piece of blackened 
brass for one of the Waterhouse stops W, W. Except for experiments 
involving high illuminations, the lamp is kept well out of focus ; and to 
give uniform illumination over the diaphragm D, which limits the area of 
plate exposed, ground glass is inserted at G and H. The plate, of lantern 
size 3¡ inches square, is held in a double -slide plate- holder almost in contact 
with the aperture D, which is inch in diameter, so that by moving the 
plate by inch after each exposure in one direction or the other 100 
exposures are made on each plate. Later, in place of the single tube T, 
four such tubes were inserted with apertures spaced at the corners of a 
square of 12 inches side, so that four regions of the plate, distinguished by 
making the apertures of different shapes, are exposed simultaneously, a 
full plate having 25 sets of exposures. 
The source of light is a 100 -cp. Pointolite lamp fed by a battery of 
large storage cells and controlled by a rheostat and a standard ammeter. 
Different regions of the spectrum are isolated by inserting at F one of the 
Wratten filters 71 to 76 (monochromatic series) or 18 (ultra -violet). In 
the later arrangement four filters can be used simultaneously by placing 
one in front of each of the four tubes T. A cell of N/5 copper sulphate 
solution 2 cm. thick is placed at C to make the effects of the filtered regions 
comparable : without this cell the red and orange filters give results greatly 
in excess of the blue and violet. So far as can be seen in a small direct - 
vision spectroscope this cell removes the whole of the deep red light other- 
wise transmitted by some of the green and blue filters. The wave -lengths 
used in Table VI are deduced on the assumption that the curves given by 
the makers to show the transmissions of the filters represent also the effec- 
tive composition of the light passed by them with the copper sulphate cell 
in place, neglecting light at the red end beyond 670 µµ. Stray light is 
eliminated by enclosing the lamp in a lantern (which must be well venti- 
lated, for the lamp is unsteady when too hot), and by working in a dark room. 
The exposure times are taken from a deck watch with a luminous centre 
seconds hand, which moves with a sharp click at one -second intervals. 
Values of q are obtained by exposing to lenses A, A + B, B in succession 
for equal times t, moving the plate after each exposure. Calling the 
corresponding illuminations I., I+I2, I2 and the resulting blackenings Lip 
Da, O2' the unavoidable difference between Il and I2 may be allowed for by 
assuming p and q constant over small intervals of T and A. In such cases 
equations (2) give on integration 
log I /I' =q0 -pT . (4) 
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Putting this equation in the equivalent form 
cexq J exp , 
[Sess. 
where is the modulus of common logarithms and c = I' exp ( -T }, we 
have, if A' is the blackening which would result from an exposure to the 
illumination (I1+I.2) for time t, 
e exp (1A')_ (II +T2) 
=1c exp (ll-{-exp (2). 
/ J 
= e ex 
p 
(g(0 i + 'Ns)1 cosh g(l 
J `µ 
so that 
= (I1 + 02) + log1e cosh q(Al2- A2) (5) 
The final term, which is given with sufficient accuracy by á very rough 
knowledge of the value of q, seldom exceeds 0.01. The value of q corre- 
sponding to the time t and to the mean blackening ¡(A3-1-0') is then 
loglo2 
0'. Values for other densities and the same exposure time are found 03 - 
by repeating this process, either with another pair of Waterhouse stops, 
the areas of which increase roughly in the ratio 2 : 1 from 1 to 64, or for 
lower illuminations with a neutral absorbing screen (e.g. a fogged process 
plate developed with quinol) in front of the lamp. A 30 -cp. Pointolite 
lamp was occasionally used. 
The values of p are found by exposing successively to Il for time t, to 
I1+I2 for time t4, and to I2 for time t, choosing the value of t4 such that the 
blackenings Al, A4, A2 obtained are approximately equal. Putting as 
before T for login t the value of p corresponding to the blackening A4 and 
the mean of T and T4 is given by 
p(T - T4) = log1o2 + q(A' - 6,4) 
where A' is given by (5). ' Here the value of q is supposed known with 
all the accuracy required from experiments on plates of the same batch if 
not on the same plate.. 
The blackening of the deposits is measured by an automatic densito- 
meter designed in the first place for measuring the sizes of stellar images. 
Two photo -electric cells A, B (figs. 2-4) are connected together, and to one 
plate of an electrometer C, as in Loch's microphotometer.* The ball of 
* P. P. Koch, Ann. d. Physik, 39, 1912, p. 705. 
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FiG. 2.- Densitometer, front view. 
l'in. 3.- Densitometer from rear, showing electrometer. 
172 Proceedings of the Royal Society of Edinburgh. [Seca. 
a Pointolite lamp contained in the ventilated lantern E illuminates cell 
A directly through the adjustable aperture F, and is focussed by a Petzval 
lens G on a pinhole H immediately behind and almost in contact with 
the film of the photographic plate. The last -named is held in a double- 
slide plate -holder and can be moved either horizontally or vertically 
in its own plane by the milled heads J, K. Part of the emergent light 
is reflected from the face of a prism L of small angle to give an image 
of the pinhole magnified about 50 diameters in the eyepiece of the 
N 
G 
l'in. 4.- Densitometer, electrical and optical arrangements. 
electrometer microscope. This arrangement, intended for centring a 
stellar image in the pinhole, was found useful in the present work as it 
allowed a part of the filin free from slight defects such as dust particles 
to be selected for measurement The stops M, N limit the apertures 
of the incident and emergent beams to the ratio f : 6, as already mentioned. 
The electrometer is described elsewhere *; in this work it has been used 
as a deflection instrument, keeping the plates fixed and using a battery 
of fifty large Leclanche cells to charge both the moving wire and the 
cathode of cell B. The readings are independent of changes in the lamp 
current, while the wire is dead beat and comes to rest within one second. 
The deflection of the wire is very nearly proportional to the square of 
* Journ. Sci. Instruments, 1, 1924, p. 345. It was made in the Observatory. 
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the transparency, giving a very open scale at the low density end. 
Higher densities than 0.5 are obtained by substituting for the neutral 
glass P (density 0.95) either of two similar but more transparent glasses 
(densities 0.39, 0.06). 
The scale was calibrated by taking advantage of the fact that the 
cell B is known to give currents very closely proportional to the illumina- 
tion. It was disconnected from cell A and connected to a Broca galvano- 
meter with a standard universal shunt, when by using in place of the 
normal pinhole of 1 mm. diameter an aperture of about 5 sq. mm. area 
the deflections of the galvanometer were large enough for measurement 
with an accuracy of 0.5 per cent. The variations of the lamp were 
eliminated by taking a sufficiently large number of measures. In this 
way a series of fogged strips were measured and were subsequently used 
as standards for calibrating both this instrument and the Koch photometer 
used for recording the stellar spectra. No changes in the scale can be 
traced from the start of this work. The cells are of the sensitised helium - 
filled type and were made in 1918 ; no record has been kept of their 
absolute sensitiveness, but changes in the calibration of the scale have 
nowhere exceeded 2 per cent. since the first calibration some six months 
after the cells were made, and there has been no apparent decrease in the 
speed of working such as would have followed any considerable fall in 
sensitiveness. 
The thread image is brought to the zero (opacity) end of the scale, 
first when the thread and plates are earthed, by moving the microscope, 
and again after charging the thread and cell, by moving the plates, with 
the result that the zero is independent of variations in the potential of 
the thread. The aperture F is adjusted to give the full deflection 
(c1= -co) for the clear plate in the immediate neighbourhood (i.e. within 
2 mm.) of the deposit to be measured, and the deflection for the deposit 
is read ; this is repeated, using as standard the clear plate on the oppo- 
site side of the deposit, and the mean of the deflections is noted. This 
method of dealing with variations of density over the clear parts of the 
plate is not ideal ; it does not eliminate the effect of fog which is measurably 
greater towards the edges of even freshly obtained plates, especially 
those packed with paper separators, and it is unsuited to the measure- 
ment of high densities where the Eberhard development effect * first 
becomes prominent and for still higher densities is masked by fog due to 
scattered light (halation). For very low densities, however, where the 
variation in density of the clear plate over a few centimetres may be 
* G. Eberhard, Phys. Zeit., 13, 1912, p. 288. 
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much greater than the effect of the exposure, it is necessary to adopt 
some such method. Readings of A are taken to 0.01 between 2 and 1 and 
to 0.002 from T upwards. 
The plates are developed in open dishes rocked by hand, first bringing 
dish and developer to 65° F. The time is fixed separately for each batch 
of plates, the aim being the maximum density consistent with freedom from 
fog. The development formula given by the makers of the plates has 
almost invariably been used -for the Ilford plates, pyro -soda; and for the 
Wellington and Imperial plates, metol -quinol. The makers' tables have 
been found useful guides in finding the most suitable times of development; 
more than this is not to be expected from these tables since different lots 
of developer chemicals, even though obtained from the same source, cannot 
be relied upon to give the same results.* 
Many of the plates have been well washed in running tap water and 
dried before exposure. This procedure, recommended by Messrs Ilford for 
increasing the red and green sensitiveness,1- produces very different results 
on different emulsions, especially in regard to their keeping properties, for 
while some batches of plates have kept for over a month after washing, 
retaining all the while a greatly increased sensitiveness, others have given 
little increase in sensitiveness or have fogged within a few days. As a 
rule the increased sensitiveness has been found to be greater than the 20 
to 30 per cent. stated by Messrs Ilford. One batch of Imperial plates for 
which exact measures were made had their sensitiveness increased between 
80 and 90 per cent. in the red and yellow, the sensitiveness in the blue and 
ultra -violet remaining unaffected. Tap water appears to be more effective 
than distilled water, possibly owing to its greater alkalinity (PH 7.5); but 
the more strongly alkaline solutions tried -lime water of PH 9.5 and N /50 
sodium carbonate solution -led to fog and appeared to give no further 
increase of red sensitiveness, while a borax -boracic acid buffer solution 
(5 grms. boric acid, 2 grms. borax per litre) of PH 8 gave the same relative 
increase of red sensitivèness but a slight all -over decrease of sensitiveness 
for the same development time consequent on the known restraining 
properties of borax on the developer.+ These experiments were made by 
soaking the plates with frequent rocking for 15 minutes, for it has been 
found that little advantage, if any, is obtained by prolonging the washing 
or by the use of running water. 
The accuracy of the measures depends almost wholly on the evenness 
C/. L. A. Joies and L. Mn,e, Opt. Soc. Amer. Journ., 7, 1923,,p. 1086. 
J'a.ncliromatism (3rd editions), 1922, p. 18. 
B,i:. Juana. Phot., 1921, 1p. 639. 
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of the clear plate in the neighbourhood of the image, and it is seldom that 
the measures of A can be relied upon to 0.01 even for values above T. 
Occasionally, however, plates are obtained which are exceptionally uniform 
over the unexposed parts and which give consistent results within the 
accuracy of 1 per cent. expected from the lamp and timing arrangement. 
The method of obtaining the values of p and q by a comparison of an image 
with its two neighbours goes far to eliminate irregularities of development, 
etc., such as have been investigated by Bloch * and others. None of the 
washed plates has given exceptionally uniform readings. 
Although two plates from the same batch and subjected to the same 
treatment give consistent values for q, the value of p appears to depend to 
a considerable extent on the age of the plate or on some other factor which 
varies from month to month. As an example, the values of p for plates 
44 and 45 given in Table VIII may be compared with those for 
the same batch and other circumstances given in Table VI. The former 
plates were taken in August 1924, the latter in April of the same year ; 
and in the interval the value of p appears to have fallen by 0.06.1- For 
this reason the values of p and q tabulated below are as far as possible 
from single plates ; indeed it appears that the thirty or forty values of p 
orq given by one plate afford more reliable data on a particular point than 
a mass of less homogeneous material. 
II. RESULTS FOR PANCHROMATIC PLATES AND FILTERED LIGHT. 
The effects of varying the development conditions will first be considered, 
and to show clearly the contrast in this respect between high- and low - 
density work some figures given by Sheppard and Mees + for a Barnet 
Photomechanical plate developed ,for 4 and for 8 minutes are shown in 
figs. 5 and 6, using first the given values of D, and then the corresponding 
values of A as ordinates. In spite of the close connection between y the 
development factor and 1 it is evident that for densities below 1.5 q is 
almost independent of the duration of development. Results obtained here 
from two Imperial plates, equally exposed but developed, one for 13-, minutes, 
the other for 4 minutes in pyro -soda, are plotted in fig. 7, separately for the 
O. Bloch, Phot. Journ., 1921, p. 425 ; H. T. Stetson and E. F. Carpenter, Astrophys. 
Journ., 58, 1923, p. 36 ; Mlle Clavier, Sci. et Ind. Phot., 4 M, 1924, p. 9. 
t Messrs Wellington and Ward, who were consulted on this point, state that they 
expect their panchromatic emulsions to give slightly lower values of p after, say, six 
months. 
$ Sheppard and Mees, Theory of the Photographic Process, London, 1907, p. 282. 
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red (filter 71) and the ultra -violet (filter 18). The main effect of increas- 
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Fio. 5. -Barnet Photomechanical plate, developed 
for 4 and for 8 minutes (Sheppard and Mees). 
Cro. 6.- Result of replacing D of fig. 5 by d, 
depends on the wave -length; q is slightly increased at low densities and 
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Fro. 7.- Result of increasing development time from 7 # minutes (A, B) to 4 minutes (A',13'). 
A, A', red light (filter 71). B, B', ultra- violet light (filter 18). 
2 3 
development though the coefficient a is not. 'Temperature variations give 
exactly similar results. The result of omitting the potassium bromide from 
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the developer was to confirm Sheppard and Mees's conclusion * that the 
effect of bromide in the developer is to move the characteristic curve as a 
whole parallel to the exposure axis ; that is, to change Io only. The substitu- 
tion of metol -quinol for pyro -soda left q entirely unaffected, both on 
Imperial and Wellington plates. 
The effect of development variations on the values of p is easily 
measurable. An example is given in Table I of the effect of under- 
development. 
TABLE I. 
Plates 52,.53. Effect of development time on p or b. 
Wellington 8896, pyro -soda developer. 
Filter No. 71 73 75 18 
Developed 1íi min. 0.98 0.97 0.98 0.96 
Developed 4 min. 0.95 0.93 0.93 0.93 
Additional bromide in the developer produces a similar effect to under- 
development. 
TABLE II. 
Plates 59, 60. Effects of bromide in developer on p or b. 
Imperial 4154, metol -quinol developer. 
Filter No. 71 73 75 18 
Imperial M.Q. with 3 grms. KBr per litre . 0.92 0.94 0.93 0.91 
Same developer without bromide 0.91 0.91 0.88 0.86 
Washing and drying the plates before exposure, in so far as no fog 
occurs, leaves the value of q unaffected by more than 2 per cent. Fog, 
whatever its cause, appears to lower the value of q. 
The values of p are distinctly lower on washed plates. 
TABLE III. 
Plates 66, 67, 70, 71. Effect of previous washing on p or b. 
Imperial 4585, metol- quinol developer. 
Filter No. 71 73 75 18 
Washed in tap water . . . . . 0.88 0.85 0.80 0.85 
Not washed . . . . . . . 0.89 0.91 0.84 0.85 
* Loc. cit., pp. 112, 287. 
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Here, as in general, the values for the washed plates are somewhat 
erratic, and it is not certain that the effect on p resembles the increase of 
sensitiveness in being confined to the red end of the spectrum. 
The determination of the variations of q with wave -length is on a 
less satisfactory basis than the remainder of the work. The convenience 
of working with the quantities p and q lies in their comparatively slow 
variations with the density and time, but in the variation of q with 
wave -length it is fairly certain that round about Hs (486 q) a large 
change occurs over a wave- length- interval of the same order as that 
involved in changing from one filter to the next. In the orange about 
600 µ¡.c (compare, for instance, the values for q in Table IV, filters 73 and 
71) and in the violet about 400 µ¡a, q changes only very slowly if at all 
with wave -length, and its values are definitely measurable ; but in the 
green about 500 µ¡.c the effective wave- length of the filtered light becomes 
indefinite, depending not only on the sensitiveness of the particular batch 
of plates over this region but also, by reason of the variation of q, on the 
density of the deposit. Experiments are in progress on this point with 
monochromatic light, but in the meantime it is only possible to give results 
with filtered light in the orange where q appears to have a minimum value, 
and in the violet and ultra -violet where q rises slowly (corresponding to 
lower contrast) as the wave- length decreases. There is apparently little 
change in q at 660 NU where the sensitiveness of the plates falls sharply 
with increase of wave -length ; but here again filtered light is unsatisfactory. 
The manner in which q varies with the value of 0 for constant 
exposure time can be deduced from curves such as are shown in figs. 5 -7; 
but it appears more clearly when q is plotted against the corresponding 
mean value of 0, as in figs. 8 and 9. The forms of the curves appear to 
be characteristic of the makes of plate though their actual positions 
vary with the batch. The comparative flatness of the curves for the 
Wellington plates in fig. 9 is noticeable : it is of course possible to 
choose A such that any one of the curves in figs. 8 and 9 becomes a 
straight line parallel to the axis of 0, but it appears on further examina- 
tion (though since q depends on the choice of A this is not immediately 
obvious from the figures) that on the whole no marked flattening of the 
curves would result from another choice of variable to represent the 
blackening. The different values for q shown in fig. 9 for two batches of 
Wellington plates are by no means exceptional or confined to this make, 
and may be compared with the different values of p for different emulsions 
given in Table VI. It appears that q does not fluctuate more than about 
30 per cent. from its mean value 0.5. 
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The question as to the dependence of q on the value of T at constant 












8. -q as a function of A for constant exposure time 30 seconds. 
A, Ilford plate, filter 18 (ultra -violet) ; A', Ilford plate, filter 72 (orange) ; B, Imperial 
plate, filter 18 (ultra- violet) ; B', Imperial plate, filter 72 (orange). 
considerable extent on the value of A, and since particular values of A can 
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Fin. 9. -q as a function of A for constant exposure time 30 seconds. 
C, D, filter 18 (ultra- violet) ; C', D', filter 72 (orange). Wellington plates. 
information on this point is not easy to obtain. Tables IV and V give 
some results in cases where the densities for high and low values of T 
correspond almost perfectly. For comparison the corresponding values 
of p, deduced from observations on the same plates, are also given. 
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TABLE IV. 
Imperial B 4585. 
Filter No. 18. Filter No. 73. Filter No. 71. 
Time 
(seconds). 
Mean Mean Mean 
A. 4. P. A. 4. P A. 4. P. 
20 0.43 0.627 0'85 1.75 I 0.368 0.91 1'97 0'368 0'90 
45 0'43 0.6-10 0.83 1'81 0884 0.92 0.02 0'380 0'89 
90 0.38 0.618 0.82 179 0.380 0.91 1.99 0'379 0'88 





Filter No. 18. 
Time 
(seconds). 
Filter Nos. 71, 73 (mean). 
Mean Mean 
A. q. P. A. 4 P. 
25 0'00 0'536 0'96 11 1'95 0.431 0'96 
120 0.00 0.549 0.90 45 0.01 0.414 0.95 
360 0.27 0.526 0.84 180 1.90 0'408 0.91 
The values of p are found to depend greatly on the emulsion. 
Examples are given in Table VI, which refers to densities and exposure 
times corresponding closely to A.= 0, T = 0. 
TABLE VI. 
P as a function of the wave -length for constant blackening n =0 and constant 
exposure time 30 seconds. 
Filter No. . . . . 
Approximate wave -lengths, µu . 






















5869 E . . . . . 0.78 0'78 0'77 0.81 0.82 0.82 0'84 
Imperial 4154 . . . . 0.90 ... 0.93 ... 0'93 ... 0.92 
4192 . . . . 0'83 0'84 0'82 0.85 0.87 0.86 0.85 
4492 . . . . . 0.86 0'88 0.92 0'92 0.92 0'92 ... 
4585 . . . . . 0.83 ... 0.83 ... 0.88 ... 0'86 
Wellington 8896 . . . . 0'92 ... 0.93 ... 0'94 ... 0.93 
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The extent of the variation with wave -length, which is small, appears 
to depend on the magnitude of p, being greater the lower the value of p. 
This is again evident in figs. 10 to 13. Figs. 10 and 11 show the 
relation between p and the exposure time for two regions of wave -length 
and for two batches of plates. It appears that while the coefficient b 
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Fin. 10.- Imperial B 4192. Fm. 11.- Ilford 5891 E. 
p for constant density range, 1.5 -0.5. Dots, filter 72 (orange) ; circles, filter 18 (ultra -violet). 
coefficient e depends greatly on the wave -length and appears to have 
much the same values for different emulsions. Thus the results given in 
Table VI do not conflict with those of Hnatek * for Agra Panchromatic 
plates and filtered light, for though he shows a considerable rise of p in 
the green and yellow his exposure times (2 -5 minutes) are greater. 
A plate taken to test this point gave the following results :- 
TABLE VII. 













1 0980 0972 0'972 0.952 
30 0.945 0.949 0.958 0'944 
120 0.887 0'935 0'941 0.923 
450 0824 0'879 0878 0.832 
* A. Hnatek, Zeits. wiss. Phot., 22, 1923, P. 177. 
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It appears that the increase of p in the green is appreciable only for 
longer exposures than occur in the stellar work. 
The variation of p with the density for constant -time range is shown 
in figs. 12 and 13 for the same plate -batches and wave -lengths as in figs, 
10 and 11. The coefficient d in (1) is evidently very small; but higher 
order coefficients become appreciable for densities greater than unity. 
The constancy of p for constant exposure time and of q for constant 
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Fio. 12.- Imperial B 4192. Fro. 13.- Ilford 5891 E. 
p for constant time range 15 -60 seconds, Dots, filter 72 (orange) ; circles, filter 18 (ultra- violet), 
equation deduced by Dr J. Halm * from his own results and from those 
of Kron,t viz. 
log t =CD) i- 1i(log I) . (6) 
which asserts the constancy of p for constant illumination and the 
constancy of p/q for constant density. On the second point Tables IV -V 
give some information. Two plates taken, one with constant illumina- 
tion, the other with constant time of exposure, gave the following 
results :- 
TABLE VIII. 
Imperial B 4192. Filter No. 18. 
Illumination constant. Time constant. 
Time T. T. 
(seconds). (mean). A' P. (mean). A. P. 
2h -6 1'15 1.33 0.832 1'82 1.15 0.788 
5 -12 1.40 1.83 0.778 If 1'83 0.776 
13 -30 I.82 0'R3 (1.772 - 0'26 0.783 
50 -120 0.38 0.96 0.762 $, 1'20 0.831 
100 -240 1.18 1'44 0'736 1) 1.84 0'842 
* J. Halm, Monthly Notices R.A.S., 75, 1915, p. 159. 
t E. Kron, Publ. des astrophys. Observ. zu Potsdam, 22, 1913, p. 67. 
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Even if the shortest exposures are ruled out as subject to systematic errors 
of timing, there is a definite fall of p with increase of exposure time. On 
the other hand, the observations at higher densities, in particular the rise 
of p with density shown also in figs. 12 and 13, are in accordance with (6). 
It is concluded that the blackening of the panchromatic plates used 
in this work for exposures between 5 seconds and 10 minutes, wave- 
lengths between 360 pp, and 650 pp,, and densities below unity, can be 
represented by the formula 
log I /Is = 0(D) + bT + ¡eT2 
exposure time) 
where T is logro ( 30 seconds l' The quantity Io is known to depend 
on the emulsion, wave -length and development, but is left undetermined. 
The function O depends on the emulsion and wave -length, but not on the 
development within wide limits. The coefficient b depends on the emulsion 
and to some extent on the development, but is almost independent of the 
wave -length ; while the coefficient e depends on the wave -length but not 
to any great extent on the emulsion. A simple expression giving a good 
approximation to 0(D) even for densities below 0.01 is logro (0 -1) where 
0 is the " opacity in parallel light," so that for constant time 
0= 1 +kI2, 
the constant k depending on the unit chosen for I and on the emulsion 
and development. 
III. BIBLIOGRAPHY OF WORK ON THE VALIDITY OF THE 
RECIPROCITY LAW. 
The appended bibliography is devoted to work on the validity of the 
reciprocity law for photographic plates, and for references to the closely 
allied subject of the intermittency effect the second paper by A. Odencrants 
should be consulted. I am indebted to that paper for a certain number 
of the items, in particular for the reference to the paper by Fizeau and 
Foucault, who found the reciprocity law invalid when working with 
daguerreotypes. The work by C. V. L. Charlier is noteworthy since in it 
he uses the law of blackening published some ten years later by 
Schwarzschild and known by his name. Several papers which discuss 
the results of other workers without introducing fresh material have 
been omitted from the list. 
As might be expected from the variety of emulsions used, the 
different workers arrive at conclusions which are apparently contradictory. 
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Several have tried, and failed, to find a connection between the value 
of Schwarzschild's index and the speed of the plate, and have concluded 
from their results that the index had a value independent of the emulsion. 
In the present work no very exact speed determinations have been made, 
but there is no indication of a connection between the value of p and the 
plate speed. On the other hand, several workers mention a variation of 
p with the batch of plates used. Many find that p is independent of 
the range of exposure -time used, but where such a variation is found it is 
always in the direction found here -a decrease as the times increase. It 
appears that those who have examined the point agree that p is higher for 
under -developed than for fully developed plates. 
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IV. RESULTS FOR ISOCHROMATIC AND BLUE -SENSITIVE 
PLATES AND FILTERED LIGHT. 
Iv a previous paper * the relation between the illumination I on a pan- 
chromatic plate, the duration t of the exposure, the wave -length X of the 
light, and the resulting density D of the deposit on the developed plate was 
investigated. Starting with the expansion of log I in terms of functions 
of D, t, and X in the form 
log l/ Ia= a.,+ b logo t + ¡cA2 +(.lAloglot +ie(loglot)2+ . . . . (1) 
where 0 -log10 (10D -1), and a, b, 
length X, it was found convenient 
two partial derivatives 
a(log I) _ - a(log 1) 
?=a(lorin I) = a aA 
e, cl, e, etc., are functions of the wave - 
to express the results in terms of the 
-b-d0-eloglot... 
+ cA + d loglo t + . . . 
Similar results are given below for isochromatic and blue- sensitive 
emulsions, using the same methods of working as are described in detail 
in the earlier paper. As before, filtered light has been used, and develop- 
ment has been prolonged up to the point at which further development 
would produce visible fog. The developing formula used is the pyro -soda 
formula recommended by the maker of the plates, and differs, therefore, 
according to the maker of the plate, and in some cases for different 
emulsions by the same maker. The instrument used for density rheasure- 
ment was described at length in the first paper ; it utilises only a compara- 
tively small central portion of the emergent light from the plate, hence the 
densities are not the usual "diffuse" densities corresponding to the value 
of the negative in contact printing, but approximately " specular" densities. 
In the previous paper it was found that neither p nor q is greatly 
affected by variations in the development, provided that the density is low. 
* These Proceedings, 45, 1925, p. 166. 
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The results now obtained correspond exactly with those for panchromatic 
plates, and the conclusions there drawn may be repeated with slight 
amplification : -The main effect of increasing the development is to diMinish 
Ie of formula (1) in a ratio which depends on the wave -length ; q is slightly 
increased at low densities and is diminished at high densities -that is to 
say, the coefficient c is affected by development though the coefficient a is 
not; while p is diminished whatever the density at which it is determined, 









F c. 1.- Relation between g and o for exposure Fig,. 2.- Relation between p and A for exposure 
time 30 seconds. Blue light. time 30 se,' nd :. Blue light. 
A. Developed 2t.miu. A. Developed 2 e min. 
B. 9 B. 9 
shown in the case of an Ilford "Zenith " plate (blue sensitive, speed 050 
H. & D.) in figs. 1 and 2, for blue; light 'hand development of 2 and 
9 minutes. . 
Typical curves showing the relation between 0 and log 1 are shown 
in figs. 3 -6. From these the following conclusions regarding q may be 
drawn :- 
1. At the lowest measurable densities (of the order 0.002) q is in the 
neighbourhood of 0.5, and does not depend greatly on the wave -length of 
the light. 
2. As th& density increases q becomes affected by the wave- length; the 
effect of wave -length reaches a maXinium for densities between 0.2 and 04, 
but is still prominent at the highest densities examined. 
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3. The value of q is smallest and most constant when the light is 
yellow or green and the emulsion isochromatic. It is greatest for the 
ultra- violet, for which it increases rapidly with the density. 
o 
filters, (1) Wratferm 22 
(2) 0 77 
(3) 36 
(.) 13 z 
I I 
o Ln.1,Iz . 3 
Fin. 3.- Relation between A and log I fur 
Ilford Auto -filter plates. 
Exposure time 30 seconds. 
Blue, I! o-rd Zeta 
o- Ulrra volet,Wrattsn:8. 
I 
t Log 12 
5.- Relation between A and log I for 
A. Il ford Process plates. 
B. Ilford Empress plates, 
Exposure time 30 seconds. 
3 
0 Log,0I 2 
. FIG. 4,- Relation between A and log I for 
Gevaert Filtered Ortho. plates. 








-e- $lva, Wrattea No.75. 






FIG. 6.- Relation between A and log I for 
A. Ilford Zenith plates. 
B. Imperial Eclipse plates. 
Exposure time 30 seconds. 
NOTE. -The zero of the log. I . scale in these figures is :arbitrary. .No compáritions 
between the reltitive speeds of the emulsions have been made. 
The variation of q with the wave -length is shown in Table I. 
The complete disçussion of the quantity q should include' its variation 
with log t ; . but since from the definitions of p and q we have 
a`r 
al, = d + third -order terms 
Piog10t- 
-, 
(cf. (1)), this variation may be deduced from the manner in which p 
varies with the density when the exposure time is constant. There is a 
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TABLE I. 
Values of p and q for density 0.3 and exposure time :30 seconds. 
1. Isochromatic and Screened Emulsions. 
Values of q. 
Plate. Speed H. S D. 
P 
(mean). Orange and Violet. 'Lilt 
Green. Vu 
Ilford Screened Chromatic . . 270 0.90 0.38 0.54 o. 
Imperial S.S. Ortho. . . 300 0.91 0.38 0.42 0 
Gevaert Filtered Ortho. . :300 0.92 0.38 0.48 O. 
Ilford Auto -filter . . . 401 0.95 0.43 0.55 0 
Wellington Anti- screen . . . 450 0.78 0.47 0.53 ' U 
Iso. . . . 700 0'81 0.51 ... 0. 








Values of q. 
Plate. Speed H. & D. 
p 
(mean). Blue. Violet. Ultra- 
Violet. 
Ilford Process . . 25 0.96 0.40 0.45 0'50 
Empress . . 100 0.94 0'54 0'54 0.57 
Imperial Flashlight . . . 400 0.90 0.58 0.61 0.57 
Ilford Monarch . . . . 525 0.92 0.55 0.54 0.56 
Barnet Stella . . . . 550 1.00 ... 0-57 0.59 
Ilford Zenith . . . . 650 0.90 0'54 0.6l 0.66 
Imperial Eclipse . . . 650 0.92 0.59 0.61 0.62 
considerable gain in accuracy by so doing, for as figs. rand 2 show, changes 
of density and development produce, in general, greater effects on q than 
on p, and these effects constitute important causes of error. 
As in the case of panchromatic emulsions, it is found that when the 
density is low the coefficient d is very small, but that p rises with increase 
of density in most, though not in all cases, after the density passes the 
value unity. Fig. 2 shows a typical case ; there is, however, some differ- 
ence between different emulsions. As Table II shows, there may even be 
a fall of p as the density rises. Table III shows the relation between p 
and t for constant density, giving therefore values of the coefficient e in (1). 
The conclusion that when the density is low p depends only on the 
exposure time, may be contrasted with the results of work at higher 
densities by Iron,* and more recently by Jones, Huse, and Hall.f These 
* Publ. des astroph. Obs. zu Potsdam, 22, 1913, Nr. 67. 
t Opt. Soc. Amer. Journ., 7, 1923, p. 1079 ; 11, 1925, p. 319 ; 12, 1926, p, 321. 
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TABLE II. 
Relation between p and D or log I, exposure time constant. 
Values of p for exposure time 30 seconds. 
Plate. Speed H_ &D. 
Log I /IQ 1.4. 0.0. 0'6. 1.2. 
D (approx.) 0'03. 0.30. 1.00. 1.80. 
Ilford Process . 25 094 0-96 0.95 095 
Empress 100 0.94 0-94 0.94 0.95 
Imperial N.F. Ortho. 225 U91 0U2 0.95 0-98 
Ilford Screened Chrom. 270 0'91 0.90 0.89 087 
Gevaert Filtered Ortho. 3u0 0.9-1 0.93 0.93 
llfor( Auto -filter . 400 0-95 0-95 0.96 102 
Imperial Flashlight 400 0'91 091 0 93 
" 
525 091 0-92 0.94 0.98 
Eclipse . 650 0'94 0-93 0-93 0.97 
Ilford Zenith . 650 0-87 0'88 0.89 0.94 
TABLE III. 
Relation between p and I or log I, density constant. 
Values of p for density 0.3. 
Plate Speed H. & D. 
Log I /10 2.8. 1.4. 0.0. U'6. 
t (approx.) 600. 130. 30. 7 seconds. 
Imperial N. F. Ortho. . 225 0.86 0.89 0.93 0.97 
Ilford Screened Chrom. 270 0.84 0.87 0.91 0.97 
Imperial S.S. Ortho. 300 0-83 0.85 0'91 0.91 
Gevaert Filtered Ortho. 300 0.87 , 0.90 0.92 0.96 
Ilford Auto -filter . 400 0.87 0.91 0.95 0.99 
Imperial Flashlight 400 0.82 0.86 0.90 0.96 
Ilford Zenith . . 650 0.81 0'84 0.90 0.96 
latter workers approach the subject from a somewhat different point of 
view, and in effect imagine the density expressed as an explicit function 
of the common logs of the illumination I, and the exposure time t, thus 
D = f (log I, log t). 
They find that for the majority of the emulsions tested, the quantity 
aD 
y-a(log t) 
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depends only on D (it is in fact nearly constant over a fixed range of 
density). If then we write 
aD 
= a(loj t) 4,(ll) 
and integrate, it follows that 
cp1(D) = B(log I) + log t, 
an equation used by Halm* as the basis of his photometric work. The 
value of p is given by 
an 
a(I0g t) 1 
1 - at) -0'(log I) ' 
a(log I) 
so that p depends only on the illumination. This is in agreement with the 
results of Iron's work. If it applied to low densities the values of p for; 
the same emulsion and illumination contained in Tables II and III should' 
agree within the limits of experimental error (about 01). An examination' 
of the tables from this point of view will show that, whatever happens at 
higher densities, at low densities p depends only on the exposure time. It 
is therefore possible to compare the values of p found for different effective 
wave -lengths without having to define the illuminations at which the 
comparison is to be made. The necessity for such a definition when the 
density is high has frequently been overlooked, and where p depends on 
the illumination no meaning can be attached without further explanation. 
to such a statement as that p does not depend on the wave -length. 
Values of p for constant exposure time are given in Table IV, the. 
density being of the order 0.2 (A between 1 and 0), so that p is independent 
of the density or illumination. In all cases the dependence of p on the 
wave -length is of the same order as the experimental error. The results, 
for panchromatic plates showed that p was affected by change of wave- 
length when the exposure time was long. No effect of this kind has been 
traced with isochromatic or blue -sensitive plates. 
V. A THEORY OF THE DEVIATIONS FROM THE RECIPROCI'T'Y LAW. 
The connection between the illumination and duration of exposure of 
a photographic emulsion and the number of grains affected by the exposure 
to the extent of being made developable, is só fundamental a part of any 
theory of the photographic action that it is surprising to find so little 
* :tlonthly Notices RA. .S., 75, 1915, p. 155. 
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ZAuE IV. 
Values of p for low density and for various times and wave -lengths. 





Values of p. 
1 n 
S 
22. filter 77. 74. 36. 18. 
Effective 
wave- L 5700. 
length ) 
5400. 5300. 4100. 3650. 




ilington.Miti- screen . 
,m1 Auto -filter . . . 










































2. Blue- sensitive Emulsions. 
Values of p. 
Exposure Wratten i. 75. 36. 18. 





















I SO 0845 0'835 0822 
809 0797 0.806 0.806 
Imperial Eclipse . . . . 20 0911 0909 0.906 
Ilford Empress . . . 35 0.930* 0.934 0.931 
Process . . . 35 0.961* 0.963 0.951 
importance attached in any current theory to the deviations from the 
reciprocity law; the more so since in many theories the number of grains 
affected is supposed to bear an exact numerical relation (sometimes indeed 
to be equal) to the number of molecules of the hypothetical substance 
termed the latent image. No such far -reaching assumption is necessary 
for the study of the deviations from the reciprocity law; it need only be 
assumed that the deposit formed by full development is a measure of the 
action which has taken place. In the commercial emulsion the diversity 
* Ilford Beta Filter. 
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in size of the grains and the screening effect of those in the front layers on 
those lying behind might invalidate even this assumption ; so, in the first 
place, the results of experiments on plates with a single layer of uniform 
grains will be considered. 
In a series of experiments of this nature Dr R. E. Slade and Mr G. I. 
Higson concluded * that their results could be expressed by the empirical 
formula 
loge u =koI(l -e-k,t){t-k5(1 -e-kat)} . 
a -x (1) 
where a is the number of grains in unit area of the emulsion, x the 
number affected by light, I the illumination, and t the duration of the 
exposure, and k0, k,,, k5, lcs , constants. This formula will now be 
considered further. 
If the illumination I is very great and the exposure time t small, the 
expression (1) reduces to 
loge 
a x 
-kelt(1 + 74.51116) - (2) 
that is to say, the reciprocity law is obeyed. If, on the other hand, I is 
very small and t very great, it reduces to 
loge 
a 
a x= k0/03.1.2( - Ic5) . - 
ley being eventually small in comparison with t. It appears then that 
when the exposure time is short the effect of the light depends on the 
value of It; but that when it is long the effect depends on the value of Ft. 
If, now, quanta are treated as molecules obeying the law of mass action, 
their "active mass" being proportional to the illumination, an action of 
the type 
A + Q -3AQ, 
A representing an active molecule and Q a quantum, or any series of such 
actions, 
A+Q->AQ 
A Q + Q->AQ2 
proceeds in accordance with the reciprocity law. On the other hand, a 
" trimolecular " action of the type 
A +2Q ->AQ2 
gives a result depending on the value of I2t. 
It must be supposed, then, that two quanta are concerned in the photo- 
graphic action, and that the two must be absorbed within a short interval 
* Proc. Roy. Soc. Lond., 98, 1920, p. 164. 
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of time, giving the effect of two distinct absorptions when the exposure is 
short, and of a simultaneous absorption when the exposure i$ long. This 
indicates that in the absence of a second absorption the effect of the first 
quantum is transitory, the actions being of the type 
A +Q =A(, 
AQ + Q --AQ2 . 
If the resulting expression for the course of the light action is to be 
checked by the experimental results, which even in the case of Slade and 
Higson's experiments are of none too great accuracy for the purpose, 
further assumptions must be introduced to cut down the number of 
arbitrary constants. The two quanta, it appears, must be taken up by 
different components of the absorber, for otherwise it would be expected 
that a single quantum, of frequency more than double that necessary to 
cause any action, would be sufficient to cause the whole effect. This would 
lead to a discontinuity in the ultra -violet, and no such discontinuity has 
been observed. Next, the maximum wave -lengths effective in the two 
stages must be close to the maximum for any photographic action. To 
test this point, crossed spectra of the mercury arc were exposed simultane- 
ously on a plate. The resulting negative showed no appreciable increase 
of density where the green line of one spectrum crossed the violet line of 
the other, so that the maximum effective wave -length is in both cases less 
than 5461 Vii. This similarity between the components leads to the further 
supposition that either may absorb the first quantum, and also that the 
probability of either absorbing a quantum is the saine. These tentative 
assumptions applied to the equations 
A +Q ̂ B 
1 (`t) B + Q --->C 
lead to the following dynamical equations :- 
æ1= - 241x1 +kx, 
á;2= 2h1x1- (Itl +k)x2¡ . (5) 
= luIx., J 
where x1, x, , y, are the numbers of double absorbers in the stages A 
(original active stage) ; B (transition stage) ; and C (latent image) ; and h 
and le are constants. These give, on integration, 
Th-st se rt 
y =nll - } . (6) 
r -s 
n being the total number of double absorbers, and r and s the roots of the 
equation 
z2- (3hl +k)z +2h212 =0 . . (7} 
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In the special cases of very intense or very weak illumination the 
number of arbitrary constants may be reduced from two to one. In the 
former case (I very great) the roots of (7) are approximately iii and 2hI, 
giving on substitution in (G) 
y =7t(í +e = 'hit- O,. -htt) 
On the other hand, when I is small and t great, the 
approximately k and 2/t -IZ and (G) becomes 
?/=u(1 -t. -¿) . 
(8) 
roots of (7) are 
(9) 
These relations between y, the number of " molecules of latent image,' 
and n, the number of double absorbers, cannot be compared with experi- 
mental results dealing with numbers of tIrctins without further assump- 
tions. Under suitable development conditions a grain is either completely 
blackened or else totally unaffected; the conclusion is drawn that a single 
molecule of latent image is sufficient to render a grain developable. There 
remains the question of the number of double absorbers in a grain. The 
observation that there are few, if ally, inactive grains may be accounted for 
by supposing, either that each grain contains a large number of absorbers, 
which are distributed at random among them, or else that a grain necessarily 
contains at least one absorber, as would be the case if the absorbers form 
part of nuclei on which the grains have crystallised. The formula; will 
then be compared with the experimental results on the alternative sup- 
positions (1) that a grain contains a large number of absorbers, and (2) 
that it contains only one double absorber. 
As before, let a be the number of grains, x the number affected by light, 
n tite number of double absorbers, and y the number of latent image 
molecules. On the assumption of one double absorber in each grain, it 
follows that n =a, x =y, equations (G) to (9) retaining the same form. If, 
however, n is of a higher order than a, the probability that a given grain 




x -(a- 1)v 
a av 
=1 -é z . (10) 
Now n is by hypothesis of a higher order thann.. a,..while (10) shows y and 
a to be of the same order. The values of . given by (8) and (9) are then 
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small, and may be reduced to their first, terms, namely, those in I'2, giving 
respectively when substituted in (10), for strong illuminations 
a _ uh2.1"/ (11) loge 
a -x rt 
and for weak illuminations 
rt 2n/t2121 
logo -=J . (1 2) 
a -x Gct 
It will be observed that (12) is of the saine form as (9), both being 
identical with the empirical equation (3), if in that equation the constant 
k, is negligible. The possibility of decidiiig in this manner between the 
two assumptions regarding the number of absorbers in a grain depends 
then on the difference between the equations (8) and (11). 
The particular experiments selected from the paper quoted above for 
comparison with (8), (11), and (9) or (12) are Nos. 7 and 16 for strong light 
and Nos. 10 and 15 for weak light.* The reason for the rejection of the 
experiments with intense monochromatic light will be given later. This 
reason does not apply to the case of experiment 15 with weak monochro- 
matic light, which has been included in default of corresponding data for 
white light. Each of the columns of calculated results depends on only 
one. arbitrary constant, the constants being chosen independently in each 
case to give the best agreement. The results show clearly that the 
assumption of one double absorber in each grain gives remarkably good 
agreement with the observed values, and that the assumption of a large 
number in each grt in is untenable. 
1. Short Exposures, formula (8) and (11). 
(A) Exposure time constant (less than one second). 
I (in candle- 
metres). 




from (IA). Observed. 
775 100.0 100.0 100 app. 
378 99.9 100.0 100 
185 951 99'9 94.3 
90.4 69.9 80.5 71.9 
63.1 51.5 54.9 52.4 
44.2 34.4 32.3 31.2 
21.6 12.3 8.9 12.06 
lb 5 3.6 2.2 46 
'5-15 0.9 0.5 0.4 
2.52 02 0.1 Nil. 
* R. E. Slade and G. I. Higson, loc. cit., pp. 1193 ,1 ó7, 168 
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(B) Illumination constant (445 candlemetres). 
t (seconds). 




f rom (1 1 ). Observed. 
10 94.1 99.2 91.5 
5 68.3 69 9 64.6 
2.5 34.0 259 36.2 
1.25 12.6 7-2 15.8 
2. Loin T:eposlires, furmirin. (9) or (12). 
(A) Exposure time constant (ten minutes). 
I (in candle - 
metres). 
Percentage of grains changed. 
Calculated. Observed. 
1 ç9 100.0 100 app. 
0927 100 0 100 
0'453 96.3 98 
79 8 80.0 
0.271 54-2 53.0 
0.108 17.0 15.0 
00528 4.4 5.3 
0.0258 1.1 1.7 
0.0126 0-3 08 
(B) Illumination constant (monochromatic, units arbitrary). 
Percentage of grains changed. 
t (seconds). 
Calculated. Observed. 
600 66.0 64.5 
500 59.3 600 
400 51.3 57.4 
300 41.7 42.1 
200 30.2 32.5 
100 16.5 18'0 
Experiments of this kind give values for the quantities h and k; results 
2 
for short exposures giving h, and those for long exposures 
c 
In this series 
of experiments, however, conditions are not altogether favourable, for the 
of the Photographic Plate at Low Densities. 013 
different experimental' results are not quite consistent one with another; 
but where the values of the illuminations are given in comparable units 
the deduced value of Ic is, for white light, about 0'01 sec-1; for monochro- 
matic light, about 1 sect. This difference between the behaviour of white 
and monochromatic light is ascribed by Messrs Slade and Higson to some 
fundamental distinction between the action of homogeneous light and that 
of white light ; but this view is difficult to reconcile with the absence of 
peculiarities from photographed spectra, and the phenomenon is probably 
clue to the intermittent nature of the discharge in the mercury lamp used.* 
In such cases it is found that when the period of the intermittent light is 
short in comparison with the total exposure, the light acts as though it 
were continuous;t but as the exposure is shortened the effective illumina- 
tion must approach and finally reach the maximum illumination in the 
flash, while the total exposure time may be several times as long as the 
actual exposure to light. The phenomena observed with intermittent light, 
it -may be observed, are completely in accordance with the theory given in 
this paper, though the lack of suitable experimental data for comparison 
makes a quantitative treatment of little interest. 
In the case of a commercial emulsion, the connection between the 
density of the deposit and the number of blackened grains it contains 
depends on so many factors t. as to offer little assistance in verifying the 
equation (6). Matters are much simpler when the density is very low, for 
in that case both theory and experiment show the deposit to be practically 
confined to the front layer of grains. It follows that the light absorbed 
from a parallel beam by a weak deposit is proportional to the projected 
area, and therefore approximately to the number, of the developed grains. 
Again, when the deposit is weak, (6) may be put in a simpler form by 
taking the product It, denoted by E, as small. The equation (6) may be 
written in the form 
y 
_tI, - . a st -stt. a -ref l rt - st f 
where rt and st are the roots of the equation 
z2 - (3lmE +id) + 2h2E2= O. _ 
If hE is so small as to be small in comparison with kt, the roots are kt and 
40E2 
Ict 
Substituting and retaining terms in E2, the equation (6) becomes 
211c12tt(e- xt}kt -1) (13) 
* Cf. Arms, Ann. cl. Physik, 58, 1896, p. 91. 
t Weber, Ann. d. Physik., 45, 1914, p. 801. 
See P. G. Nutting, Phil. May., 26, 1913, p. 423. 
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This result applies even when 1.:t is of the same order as hE, for the roots 
are then both small quantities of this order and (6) may be expanded, the 
result as far as the second order term being, as in (13) when let is small, 
the quantity 2h2E2m. 
Equation (13) may be used to give theoretical values, of the quantities 
p and q used in the earlier parts of this paper and the preceding paper 
(see p. (A). If the transparency of the deposit to parallel light is denoted 
by T, the light absorbed is 1- T, which, as stated above, is proportional to 
y when the density is low. Since, in that, case T is nearly unity, we may ri 
write 1 ,,,1 for 1- T, thus- 
1 T a 
?,212(e-xt+1t 
-1) 
which gives p and q at once on differentiation, the results being 
1- e -kt 
2(e- tit +kt - 1)f 
The tendency for q to approach the value 0.5 * as the densitÿ is diminished 


























Fro. -7n. Observed curves of constant density, 
process emulsion (Jones, Huse, and Hall). 
when the density- is low p depends on the exposure time and not on the 
illumination (see above, p.04) is in agreement with' (15); but the variation 
of p with t given by that formulas and shown in fig. 8, C., is far from being 
exact, even in the case of process plates. Fig. 7 shows a comparison with 
* It may be noted here that the sane reasoning applied in the case of action by a single 
quantum gives the value unity for q at -low densities. 
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the results given by L. A. Jones, E. Iluse, and V. C. Hall* for a process 
emulsion. Since their results are given in the form of values of log E and 
log I giving particular densities, corresponding results for particular per- 
centages of grains affected, calculated from (0), are given. f It will be noted 
that the constants in (6) serve only to fix the zeros of the abscissae, and 
ordinates, the shapes and orientations of the curves being determinate. 
A further disagreement with observation occurs in the case of short 
exposures to intense light, when p is found to rise above unity, which, 
according to (6), would be its maximum value. This effect is almost 
certainly to be associated with the destruction of the latent image known 
as "reversal," the theory of which may therefore be examined. 
There are two theories purporting to account for reversal, the one 
attributing the disappearance of the latent image to the action of bromine 
liberated by light from the bromide of silver grains:. the other to the 
direct action of light on the latent. image. Either theury could be 
modified to account for values of p greater than unity, the former by 
supposing the action of light on silver bromide to take place in two stages, 
in the manner supposed above for the formation of the latent image, but 
with a much shorter -lived transition product; the latter by supposing the 
decomposition of the latent image, like its formation, to occur in two stages, 
the transition product being again short -lived. 
The direct decomposition of silver bromide by light has been'shown by 
P. P. Kocl ji to result in silver as one product; that it takes place in two & H. ̂ ogler 
stages through a luminescent intermediate stage is very probable, since it 
is found that silver bromide is luminescent. Experiment shows that the 
luminescence does not persist for more than a fraction of a second after the 
withdrawal of the illumination, in agreement with the idea that the 
transition stage is short- lived. On the other hand, the efficacy of red light 
in reversal 'IT is not easily accounted for on the bromine theory, since silver 
bromide does not absorb appreciably in the red, whereas the latent image 
itself might be black. Unfortunately, there is little experimental data by 
which the results Of the light action theory, which are easily computed, 
might be checked. Assuming, however, that the reversal action involves 
Opt. Soc. Amer. Journ., 12, 1926, p. 329. 
t There is some doubt as to the unit employed for t in the results given by Jones, 
Huse, and Hall. If this were 1 second, the value of p corresponding to a 30 seconds' 
exposure would be about 06. This is mach lower than any value found here. The Ilford 
process plates tried gave the value 0`95. 
$ S. E. Sheppard, "Photography as a Scientific Implement" (1923), p. 179. 
C. W. Piper, brit. Journ. Phot., 55, 1908, p. 195. 
!I Ann. der Physik., ,1925, p.4g$. 
1f Cf. H; S. Allen, Photo Electricity, 1st ed:, p. 206. 
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the absorption of fivar quanta and the addition to the equations (4) of 
another pair of similar equations, thus 
A +Q 
B +Q --a0 
C +QED 
D +Q -->E 
a solution on the same lines as before shows, as might be expected, that in 
the expression for the number of developable grains (those grains, that is, 
in the stages C and D) the terms involving I2 are unaffected by the 
additional equations, which introduce terms involving the fourth and 
higher powers of the illumination. The prominence of reversal in 
extremely short exposures to high intensities is thus well accounted for 
by the theory of direct light action on the latent image, but the expression 
(15) remains unaf ected. 
It seems, then, that though values of p exceeding unity are readily 
accounted for as the result of the reversal action, the divergence of (15) 
from the observed results for process emulsions must be ascribed to some 
other cause, the action being more complicated than has been supposed. 
Assume, therefore, that the absorbers which make up the double absorber 
are not exactly similar, though still resembling each other in so far that 




there being now two different transition stages according to the absorber 
first affected. Suppressing superfluous constants, the most general form of 
the corresponding dynamical equations is 
- (I +J)x, +kx, +lx3 
T2= Ix,- (K +lc)x, 
r3= Jxl- (L +l)x3 
= Kx2 +Lx3, 
reversal being neglected. The solution is 
y - µv - KI - LJe_xt vA - KI - LJe_wt Aµ - KI - LJe_t + 1 
a (v- A)(A -µ) (A- .)(N. -v) (g- v)(v -A) 
where X, p., v are the roots of the cubic 
z( z- I-- K- Ic)( z- J- L- l) +LJ(z- K- k) +KI(z- L -l) =0. 
of the Photographic Plate at Low Densities. 017 
The effective illuminations I, J, K, L, .all being supposed small quantities of 
the first order, these roots are 
k, KIl+LJk 
' kl 
proceeding, as in forming, (13), by supposing the product of time and 
illumination to be small and of the second order, we have 
=KI. e 
-kt, -1 + let e- 1t -1 +lt 
a It2 12 (18) 
or if, as before, the illuminations (or probabilities of quantum absorption) 
are equal throughout, 
whence- 
,y_Ise.-kt-1+kt+12e-tt_1-}-lt 
a. k2 12 
1 - ekt 1- e-tt 
kt + lt e kt - 1 + kt+ 2e-it - l + It 
Ic2t2 1212 
The application of this formula gives good results in the case of process 
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Fie. S.- Relation between p and log t for low densities and moderate or low illuminations. 
tions of Jones, Huse, and Hall, given in fig. 7 (the unit of time being 
arbitrary). 
There is another way in which, not only these observations, but also 
those for the fast emulsion, can be accounted for. This is to suppo >c 
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instead of the two components of an absorber being different, there are two 
or more different absorbers p;osent, having similar components. (It will 
'be noticed that mere diversity of grain size will have no effect on the 
value of p given by (14) unless at least two varieties of absorbers are 
:;present.) The resulting formula is similar to (18). It appears that the 
agreement found previously in the case of formuke (8) and (9) between 
theory and experiment is practically unaffected by these modifications. It 
is not certain, however, that the low density results for fast emulsions 
will differ greatly from those for process emulsions. The writer's results 
do not cover the very long exposures, whilé the difference found by Jones, 
Huse, and Hall may be attributed to the much greater maximum density 
of the process emulsion, so that, a fixed density corresponds to a much 
smaller proportion of the grains in its case than in the case of the fast 
emulsion. 
The only remaining effect which persists at the lowest densities is the 
effect of development on p. On the view that two different absorbers are 
present this would be ascribed to the grains made active by the one kind 
developing faster than those Made active by the other. 
The significance of these results in the theory of the latent image is 
left open. The main assumptions could be incorporated without much 
difficulty into most theories of the process, and for this reason an attempt 
lias been made to avoid the language of specific theories. It is tempting 
to associate the two different absorbers with the iodine and bromine, both 
present in commercial emulsions. On the view that a single absorber 
contains both bromine and iodine it would be possible to account for the 
extension towards the red of the sensitiveness of 'odo- bromide emulsions 
compared with pure bromide or pure iodide emulsions. On such a theory, 
however, p should depend greatly on the wave- length in the spectral region 
between the commencement of photographic sensitiveness and the com- 
mencement of sensitiveness of an iodide emulsion. Filtered light is Unsuited 
for observations over a spectral region so narrow as this, and the evidence 
is not altogether conclusive. The best way of deciding this point would 
be to find the values of p for pure bromide and pure iodide emulsions. 
(Issued separately ., ) 
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ON THE VALIDITY OF TALBOT'S LAW FOR 
THE PHOTOGRAPHIC PLATE 
By E. A. BAKER, B.Sc. 
(Assistant Astronomer at the Royal Observatory, Edinburgh) 
:ABSTRACT. The action of . intermittent light on a photographic plate may be repre- 
5ented approximately by a law similar to that of Schwarzschild for continuous light, 
viz., f (D) = It *, where D is the density, I the illumination, and t the duration of 
actual exposure to light. If the sector is revolved once only, it is equal to Schwarz - 
schild's index p ; but if Talbot's law applies, 7r will become unity for sufficiently high 
sector speeds. The values of 7r are given for the special case of an 1800 sector and total 
exposures of the order of one minute, under circumstances for which the range of p 
mas .71 to 1.o6 ; of wave -length, 6iµ to -36/2.; and of plate speed, 5 to 700 H. & D. 
The results show that the deviation of 7r from unity for speeds giving over 60 flashes 
per second is less than I per cent. ; but that for 800 flashes per second the deviation 
from unity may still be appreciable. 
IN visual and photo -electric photometry the rotating sector provides perhaps 
the most trustworthy method of reducing the intensity of a beam of light in a 
known ratio ; but in photographic photometry its use has been restricted, for 
it is known that when the speed of the sector is very low a law similar to 
Talbot's law in visual photometry is not valid for most photographic plates. 
When the speed is reduced to its minimum -that giving one revolution during 
the exposure -the behaviour of the plate may be roughly expressed in the 
form due to Schwarzschild, viz.- 
f (D) 
where D is the density of the deposit, I the illumination and t the exposure 
time. When the speed of rotation is more rapid the plate may be supposed to 
obey a similar law, viz.- 
f (D) = 
an assumption which is the basis of a well -known method of spectrophoto- 
metry in the ultra- violet.1 It has been concluded, in particular by Weber 2 
and by workers at the Bureau of Standards,3 that even for moderate sector 
speeds the exponent IT does not differ measurably from unity, though it is 
scarcely possible to verify this for all the combinations of sector angle, sector 
speed, illumination, total exposure time, and other conditions which might 
' See catalogues of Messrs. Adam Hilger, Ltd. 
2 Ann. d. Phys., 45 (1914), 8or. 
8 Bureau of Standards Scientific Papers, No. 440 (1922). Other references are given 
in this paper. 
2 E. A. Baker 
well affect its value, Little attention appears to have been paid to the variable 
which might be expected to affect 7T more than any other -that is, the value 
of p, which varies over a wide range even for plates nominally identical. Again, 
the light source used by Weber in most of his work was the mercury arc, which 
by reason of its discontinuity 4 might be expected to introduce a factor absent 
when continuous light is employed. 
The present determinations of the value of Tr were made in circumstances 
chosen to give a wide range of values for p, which was determined under 
practically identical circumstances. The experimental method used could 
deal with only one variety of sector -that giving equal intervals of light and 
darkness -and considerations of accuracy restricted the range of exposure 
times to from 4o to 6o seconds, as being large enough for accurate work with 
a simple hand shutter, and yet small enough to render possible a considerable 
number of repetitions of the experiments. 
The results are given in the table on opposite page. 
It appears that even for so low a speed as that giving 75o flashes per minute 
the deviation of IT from unity is less than 2 per cent., and that for the moderate 
speed of 3000 flashes per minute all trace of the influence of p is lost. The fact 
that at the two highest sector speeds the value of TT is distinctly greater than 
unity would naturally be ascribed to the systematic errors of the experimental 
methods, and it is from this point of view that they will be discussed. 
The apparatus used is shown in section in Fig. i. The light source was an 
ordinary ioo watt gas -filled lamp A run at its marked power consumption. The 
current was controlled to an accuracy of i in i000, giving an approximate 
accuracy of at least I in 200 in the light flux. The filament of the lamp was 
approximately in one plane, and a lens B in this plane gave a very fairly 
straight and narrow image of the filament. The image fell along a radius of the 
sector C, so that there was no appreciable interval between darkness and full 
illumination. The light of the image entered the camera D through a narrow 
slot E and a filter F, and could reach the photographic plate P only by way 
of two apertures GG, each provided with a prism to deflect the light towards 
the plate, a set of Waterhouse stops and a ground glass window. The light 
passing through either aperture could be occulted by a piece of blackened 
brass H fitting the slots for the stops. No effort was made to secure perfect 
equality of the light beams passing through the two apertures -the only 
assumption made is that when both are open, the illumination of the plate is 
the sum of the illuminations obtained by occulting either aperture in turn. 
The image given by exposing through both apertures with the sector running 
was then compared with those given by the single apertures in turn when the 
sector was stationary with the light passing freely through one of its apertures. 
The method of working and the allowance for inequality of the beams has been 
described in another application of the same photometric method.5 The sector 
4 Cf. M. Leblanc fils, L'arc éléefrique (Blanchard, Paris, 1922), 79.. 






























































































































































































































































































































































































































































































































































































































4 E. A. Baker 
was a brass disc with truly parallel faces to give good balance at high speeds, 
and bad six arms and six apertures-between, all adjusted as closely as possible 
to 30 °. It was mounted on an axle running in ball bearings and driven by a 
belt from a motor. A circle was marked on the face of the sector at the 
position of the image by rotating it in its bearings in contact with a scriber, 
and the chords cut by the radial edges from this circle were measured on a 
machine. The transparency of the sector, assuming Talbot's law, was given 
. 
by these measurements as 50.17 ± 02 per cent. 
The plates were developed with the developer (metol -quinol or pyro -soda) 
recommended by the makers, and the time of development chosen to give 
practically full development without appreciable fog. The density measure- 
ments were made with a photo -electric photometer reading to 002. Each 
reading is relative to two readings on the neighbouring clear plate. Each 
value given in the table is the mean of four determinations, and therefore 
depends on twelve exposures or thirty -six photometer readings. 
C D E F G H 
FIG. i.- Section of apparatus. 
The mean of the first series of observations -those taken with camera A 
(last column of table) showed a definite deviation of 77 from unity by oo8 + 002. 
It was estimated that any error arising from scattered light or reflections was 
below 002, and the reason for the deviation was looked for in the imperfect 
superposition of the two patches of light on the plate with both apertures 
open. Owing to the Eberhard effect and to halation, the density across a 
light patch is not constant. The Eberhard effect alone produces a minimum 
of density in the ,centre of the patch, while the effect of halation is much 
more complicated. (The plates were not backed.) Both effects should be 
negligible at low densities. A new camera (camera B) was made in which the 
separation between the two apertures, which in camera A was one -eighth 
of the distance between apertures and plate, was reduced to one -twentieth 
of that distance. The determinations made with this camera at the highest 
speed of rotation give a mean value of 7T of 1oo3 ± 002. At the speed 
giving 3000 flashes per minute, however, this is increased to 1.008 ± 002. 
The difference cannot be ascribed to systematic error, for the moving of the 
On the Validity of Talbot's Law for the Photographic Plate 5 
belt to a different pulley could scarcely affect the system to this extent. The 
error may be accidental ; but it is probable that 7r rises above unity as the 
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The observations are shown plotted against p and against D in Figs. 2 
and 3. The values of fi found for one batch of Imperial panchromatic plates 
were exceptionally low, and unfortunately depend on only one plate, the last 
of that batch. The value io6 for the batch of Ilford auto -filter plates was 
definitely verified by other plates. 
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